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PREFACE 


The  11th  U.S. /Japan  Experts  Meeting  on  Management  of  Bottom  Sediments 
Containing  Toxic  Substances  was  held  4-6  November  1985  in  Seattle,  Washington. 
The  meeting  is  held  annually  through  an  agreement  with  the  U.S.  Army  Corps  of 
Engineers  and  the  Japan  Ministry  of  Transport  to  provide  a  forum  for  presenta¬ 
tion  of  papers  and  in-depth  discussions  on  dredging  and  disposal  of  contami¬ 
nated  sediment. 

COL  George  R.  Kleb,  Commander  and  Director  of  the  Water  Resources  Support 
Center,  was  the  U.S.  Chairman.  Mr.  Kenichi  Fujimori,  Ministry  of  Transport, 
Tokyo,  Japan,  was  the  Japanese  Chairman. 

Coordinator  of  the  organizational  activities  and  editor  of  this  report 
was  Mr.  Thomas  R.  Patin,  program  assistant,  Dredging  Operations  Technical  Sup¬ 
port  Program  (DOTS),  U.S.  Army  Engineer  Waterways  Experiment  Station  (WES), 
Vicksburg,  Miss.  Ms.  Jamie  W.  Leach  and  Ms.  Betty  W.  Watson,  WES  Information 
Products  Division,  were  instrumental  in  editing,  coordinating,  and  preparing 
the  text.  Dr.  Robert  M.  Engler  is  the  Manager  of  the  DOTS  Program. 
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ABSTRACT 

Although  the  marine  environment  in  Japan  has 
significantly  improved,  problems  such  as  eutrophica¬ 
tion  in  closed  bays  still  remain.  The  Ports  and 
Harbours  Bureau  of  the  Ministry  of  Transport  adminis¬ 
ters  improvement  projects  and  has  developed  related 
technologies.  The  success  of  these  projects  requires 
the  study  of  various  technologies  which  promote  the 
self-cleaning  functions  of  natural  seawater  and  the 
integration  of  relevant  technologies  into  combinations 
of  the  highest  efficiency. 


INTRODUCTION 
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stry  of  Transport  (Department  of  Ports  and  Harbours)  is  desig- 
rtake  "projects  for  the  prevention  and  elimination  of  marine 
For  this  purpose,  the  Ministry  of  Transport  has  undertaken  execu- 
stigation  with  regard  to  improving  the  marine  environment  through 
1  projects  (undertaken  by  the  Ministry  of  Transport)  and  subsi- 
s  (undertaken  by  local  public  bodies  with  government  subsidy), 
tigations  are  made  on  the  prevention  and  elimination  of  organic 
closed  bays.  This  paper  describes  future  studies  on  improvement 
environment  with  reference  to  changes  in  the  marine  environment 
btained  in  investigations  already  conducted. 


CHANGES  IN  THE  MARINE  ENVIRONMENT 


Seawa  ter 


Health  and  living  environmental  standards  concerning  pollution  of  sea¬ 
water  were  established  in  1971  based  on  the  Basic  Law  for  Environmental 
Pollution  Control. 

Health  environmental  standards  apply  to  items  such  as  cadmium,  cvanide, 
organic  phosphorus,  lead,  hexavalent  chromium,  arsenic,  alkyl  mercury,  poly¬ 
chlorinated  Biphenyls  (PCB) ,  and  total  mercury,  which  are  harmful  to  human 
health.  Living  environmental  standards  apply  to  organic  pollution  sources 
which  are  hazardous  to  usable  water,  and  are  measured  in  units  pH,  such  as 
dissolved  oxygen  (DO),  biochemical  oxygen  demand  (BOD)  or  chemical  oxygen 
demand  (COD),  suspended  solids  (SS) ,  and  a  number  of  col i form  groups. 


As  a  regulating  measure  to  fulfill  environmental  standards,  the  effluent 
regulations  based  on  the  Water  Pollution  Control  Law  were  enforced  the  same 
year.  Since  then,  considerable  improvement  has  been  recognized  in  health 
environments.  Improvement  of  the  living  environment,  however,  has  not  been  as 
successful,  especially  in  enclosed  bays  such  as  Tokyo  Bay,  Ise  Bay,  and  Seto 
Inland  Sea  (Figure  I). 

The  locations  of  Tokyo  Bay,  Ise  Bay,  and  Seto  Inland  Sea  are  shown  in 
Figure  2  and  pertinent  data  given  in  Table  1.  The  seawater  of  these  enclosed 
bays  is  still,  and  the  waters  are  not  exchanged  as  well  as  in  the  open  sea. 

The  bays  are  utilized  for  shipping  and  are  surrounded  by  densely  populated 
urban  area.  Therefore,  the  use  of  these  waters  is  very  dense  and,  at  the  same 
time,  chronic  organic  pollution  is  created  by  the  inflow  of  large  amounts  of 
industrial  and  household  wastewater. 


Tokyo  Bay 


Ise  Bay 
Seto  Inland 


Figure  2.  Location  of  Tokyo  Bay,  Ise  Bay, 
and  Seto  Inland  Sea 

by  organic  matter  generation  (secondary  pollution)  such  as  phytoplankton  prop 
agation  caused  by  increased  nitrogen  and  phosphorus  (eutrophication).  In  re¬ 
cent  years  eutrophication  control  of  enclosed  bays  has  been  vigorously 
investigated. 

Preservation  of  the  sea  environment  in  the  enclosed  bays  is  intended  to 
protect  fishing  areas,  prevent  and  eliminate  red  tides,  and  preserve 
recreation  areas.  These  situations  are  discussed  below. 


TABLE  1.  TOKYO  BAY,  ISE  BAY,  AND  SETO  ISLAND  SEA  DATA 


Tokyo  Ba 


Ise  Bay 


Seto  Island  Sea 
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Regarding  protection  of  fishing  areas,  excessively  eutrophic  waters  are 
unsuitable  for  the  growth  of  marine  animals.  Marine  resource  exhaustion  is 
thought  to  be  caused  by  deteriorated  water  quality  such  as  generation  of  poor 
oxygen  water  mass  from  excessive  oxygen  consumption  in  water  through  increased 
COD,  and  the  decrease  of  benthos  is  thought  to  be  caused  by  increased  organic 
pollution  and  bottom  sludge. 

In  the  relationship  between  water  quality  and  marine  organisms,  it  should 
be  noted  that  the  optimum  water  quality  differs  depending  on  the  species  of 
fishes,  and  that  objectives  of  fisheries  vary  according  to  the  change  in 
tastes.  But,  fundamentally,  water  quality  preservation  is  a  prerequisite  for 
the  preservation  of  fishing  areas,  and  environmental  control  is  now  required 
for  effective  utilization  of  fishing  areas. 

Regarding  the  prevention  and  elimination  of  red  tides,  the  causes  of  red 
tides  were  specified  after  much  investigation.  Increased  nitrogen  and 
phosphorus  (eutrophication)  is  today  regarded  as  the  major  cause.  A  red  tide 
is  a  sudden  development  of  phytoplankton  on  a  mass  scale.  The  number  of  red 
tide  occurrences  in  Seto  Inland  Sea  is  shown  in  Figure  3.  The  frequency  has 
decreased  since  1976,  the  peak  year,  but  still  remains  at  a  comparatively  high 
level.  Water  quality  has  not  sufficiently  improved  from  the  viewpoint  of 
prevention  and  elimination  of  red  tides.  Red  tides  force  people  in  the  fish¬ 
ing  industry  to  limit  the  quantity  of  fish  cultures  and  to  evacuate  fish 
cultures  (to  limit  or  evacuate  cultured  fish  to  avoid  the  damage  by  red  tides) 
which  involves  extra  costs  (which  are  not  included  in  the  damages  shown  in 
Figure  3).  Types  of  damage  by  red  tides  are  death  of  potential  fish  catch, 
escape  of  fishery  resources  from  the  sea  areas,  development  of  poisonous 
shellfish  (poisonous  matter  accumulation  in  shellfish  bodies),  death  of  bottom 
organisms  due  to  low  oxygen  levels,  and  adverse  effects  to  recreation 
facilities  (closing  of  bathing  resorts). 

Regarding  the  preservation  of  recreational  areas,  clean  sea  water  is  a 
prime  requisite.  Bathing  resort  water  quality  standards  established  by  the 
Fnvironment  Agencv  are  set  under  !.’  ppm  ot  FoD.  The  future  demands  for  recrea¬ 
tion  in  sea  areas  will  show  a  stead"  increase,  and  to  accommodate  that  in¬ 
crease,  it  i s  desirable  to  create  com! orf able  sea  environments  where  people 
can  enjov  various  marine  recreations.  A  r«,«-nt  survev  determined  that  the 
level  of  bathing  resort  : acilities  is  i  nadequat e  ,  and  tb.it  seawater  qua!  i tv 
limits  conditions  'or  maintaining  hath  .  :v  re-or  t  ••  . 
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Figure  3.  Total  number  of  red  tides  and  number  of  damaging  red 
tides  in  Seto  Inland  Sea  (survey  by  Fishery  Control 
Office  of  Seto  Inland  Sea,  Fisheries  Agency). 


700  million  m3  of  sludge  with  over  30  mg/g  COD  in  Tokyo  Bay  and  others.  More¬ 
over,  changes  in  bottom  substances  with  the  passage  of  time  show  no  improve¬ 
ment.  Table  2  shows  the  quantity  of  polluted  bottom  sediment  in  five  bay 
areas . 


TABLE  2.  PRESENT  QUANTITY  OF  POLLUTED  BOTTOM  SEDIMENT  IN 
FIVE  BAY  AREAS  (Over  30  mg/g  COD) 


NOTE:  Osaka  Bay,  Hiroshima  Bay,  and  Suo-Nada  Sea  are  in  Seto  Inland  Sea. 
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CIRCULATION  IN  THE  SEA 

As  previously  stated,  the  present  condition  of  the  enclosed  bays  is 
not  satisfactory,  and  various  efforts  are  under  way  to  improve  the  sea 
environment.  The  Ministry  of  Transport  is  also  conducting  bottom  sediment 
clarification  projects  as  one  sea  environment  cleaning  measure.  In  such  mea¬ 
sures  it  is  necessary  to  understand  the  balance  of  substances  and  the  mecha¬ 
nism  of  seawater  pollution.  A  model  of  the  circulation  mechanism  in  the  sea 
is  discussed  in  the  following  paragraphs. 

Figure  4  shows  a  conceptional  diagram  of  circulation  patterns.  Fundamen¬ 
tally,  seawater  pollution  is  caused  by  dilution  and  mixing  by  dispersion  of 
inflow  pollutants.  This  model,  however,  includes  a  eutrophication  process 
which  is  a  production  of  organic  matters  (COD)  from  inorganic  phosphorus  by 
phytoplankton.  Phytoplankton  production  requires  light.  The  model  has  double 
layers  in  a  vertical  direction  in  the  seawater,  one  with  light  and  the  other 
without.  Seawater  pollutants  exchange  with  the  bottom  substances  by  sedimen¬ 
tation  and  by  redissolution  of  bottom  substances  back  into  the  seawater. 

The  factors  of  each  process  in  the  model  (production,  decomposition, 
sedimentation,  dissolution,  oxygen  consumption)  were  obtained  from  in  situ 
experiments  and  laboratory  experiments  and  represent  the  present  state  of  pol¬ 
lution  by  adding  an  inflow  load.  In  the  pollution  mechanism,  a  significant 
phytoplankton  production  effect  is  calculated  and  shows  water  pollution  by 
eutrophication.  Biological  activities  other  than  phytoplankton  production  and 
organic  matter  decomposition  by  bacteria  (such  as  predation  by  higher  ani¬ 
mals),  are  excluded  from  this  model. 


Table  3  shows  the  balance  of  organic  pollution  substances  of  seawater 
obtained  from  the  above  model.  These  results  reveal  that  internal  production 
(COD  production  by  the  production  activity  of  phytoplankton  from  nutritive 
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Figure  4.  Conceptional  diagram  of  water  circulation 
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salt)  has  a  very  large  COD  load  ratio  in  the  sea,  and  that  the  dissolving  load 
from  the  bottom  sludge  has  a  considerable  ratio  in  the  load  of  nutritive  salt, 
which  is  a  major  cause  of  internal  production.  Therefore,  bottom  sludge  plays 
a  significant  role  in  organic  seawater  pollution. 

SELF-CLEANING  ACTION  OE  THE  SEA  AND  ITS  ENHANCEMENT 

As  the  previously  mentioned  circulation  mechanism  indicates  (Figure  4), 
nature  is  provided  with  a  mechanism  to  clean  inflow  pollution  load  by  dilution 
and  mixing,  sedimentation,  or  decomposition.  Therefore,  if  the  inflow  pollu¬ 
tion  load  is  under  the  permissible  level,  the  environment  can  be  maintained  by 
the  sea's  own  self-cleaning  action.  Consequently,  the  concept  of  "environmen¬ 
tal  capacity"  is  proposed  as  maximum  pollution  load  at  permissible  limits  in  a 
definite  area  (e.g.  enclosed  bays). 

Thus,  nature's  self-cleaning  action  can  be  taken  into  consideration  when 
environmental  cleaning  measures  are  au  ->ted.  Specifically,  the  self-cleaning 
action  such  as  dilution  and  mixing  in  the  above-mentioned  substance  circula¬ 
tion  mechanism  can  be  promoted,  or  actions  which  have  been  excluded  (e.g.  pre¬ 
dation  by  higher  animals)  can  be  promoted.  Development  and  research  in  this 
field  are  under  way  at  various  organizations.  In  the  field  of  wastewater 
treatment,  soil  infiltration  systems  of  small-scale  wastewater  treatment  (by 
the  adsorption,  filtration,  and  decomposition  actions  of  soil)  and  the  stabi¬ 
lizing  process  of  nitrogen  and  phosphorus  with  water  plants  (waterhvac inth , 
etc.)  are  especially  being  developed. 

The  Ministry  of  Transport  has  studied  methods  to  promote  the  sea's  own 
se i f-c leaning  action. 

The  main  factors  of  the  sea's  self-cleaning  actions  are  exchange  of  sea¬ 
water,  exposure  to  air,  predation,  and  the  seawater  cleaning  action  of  dry 
beaches  and  sand  beaches.  These  factors  are  discussed  below. 

Seawater  exchange  to  prevent  standing  water  in  enclosed  bays  can  be  pro¬ 
moted  by  widening  and  deepening  the  mouths  of  the  bays,  forced  water  convey¬ 
ance  with  electric  power,  excavation  of  new  waterways,  and  construction  of 
trenches  (excavation  of  trenches  in  the  sea  bottom).  Seawater  exchange 
promotion  processes  for  wide  bays  such  as  Tokyo  Bay,  Ise  Bav,  and  Seto  Inland 
Sea  are  now  being  researched  with  model  tests,  and  value  simulations  are  under 
way.  It  can  be  expected  that  seawater  exchange  can  be  promoted  as  an  addi¬ 
tional  effect  from  excavation  of  new  fairways  at  bav  mouths.  On  the  other 
hand,  in  small  areas  such  as  inside  harbor  breakwaters,  a  process  to  promote 
seawater  exchange  has  been  achieved  in  harbor  improvement  projects.  In  these 
cases,  one  measure  is  to  construct  a  raceway  in  one  part  of  a  breakwater  which 
will  promote  interchange  with  water  from  the  open  ocean.  Figure  1  shows  a 
raceway  in  the  Kikuma  Harbor  breakwater,  Ehime  1’relecture,  constructed  in 
1984. 

Exposure  to  air  is  a  process  which  supplies  oxygen  to  seawater.  This 
exposure  promotes  organic  pollutant  (GOD)  decomposition,  one  ol  the  substance 
circulation  mechanisms  (Figure  4).  This  process  adopts  a  method  bv  which  air 
bubbles  are  blown  into  the  seawater  by  using  electric  power;  therefore  pollut¬ 
ant  dilution  by  mixing  with  seawater  is  expected  to  result  as  an  additional 
effect.  In  this  respect,  the  Ministry  of  Transport  carried  out  verification 
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Figure  5.  Kikuma  Harbor  raceway  project 

tests  at  Shimizu  Harbor  in  1982,  the  outline  of  which  is  shown  in  Figure  6. 

The  result  of  the  tests  revealed  that,  in  a  definite  sea  area,  exposure  to  air 
shows  layer  breakdown  and  air  dissolution  effects. 

The  increase  of  DO  and  the  decrease  of  phosphorus  were  especially  signif¬ 
icant.  Though  this  system  requires  maintenance,  spectacular  effects  can  be 
expected  by  using  the  system  as  an  ornamental  fountain.  It  is  desirable  to 
utilize  the  system  in  a  total  waterside  environment  improvement  project. 

Regarding  predation  by  higher  animals,  the  activities  of  seaweeds,  fish, 
and  shellfish  to  take  in  pollutants  were  observed  in  nature,  and  a  concept  to 
preserve  the  environment  by  controlling  these  activities  was  realized.  Utili¬ 
zation  of  living  creatures  and  plants  presents  certain  problems  such  as  the 
scale  of  effect,  compared  with  total  pollution  load,  and  the  maintenance  of 
living  conditions  for  the  creatures  and  plants.  It  is,  however,  possible  to 
use  this  method  as  a  very  reasonable  environmental  cleaning  method  by  utiliz¬ 
ing  recovered  living  creatures  and  plants  as  resources.  ft  was  determined 
from  laboratory  tests  that  the  maximum  intake  speed  was  20  i.g  COD/p iece /mi nu t e 
with  filter  feeders  (shellfish).  Nitrogen  and  phosphorus  stabilization  using 
large  seaweeds  has  been  studied  bv  the  Fisheries  Agenev,  and  the  Ministry  of 
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Figure  6.  Test  of  exposition  to  air  at  Shimizu  Harbor 

Transport  is  conducting  verification  tests  related  to  the  use  of  a  living  fil¬ 
ter  of  reeds  to  treat  excess  organic  sludge  water  at  Ube  Harbor,  1982-1984. 
Figure  7  is  a  plan  view  of  the  site. 

The  main  factors  of  the  seawater  cleaning  action  of  dry  beaches  and  sand 
beaches  are  filter  feeder  predation,  exposure  to  air  by  wave  breakdown  which 
accelerates  the  decomposing  action  of  bacteria  in  aerobic  environments,  and 
absorption  of  pollutants  by  sand  particles.  It  is  calculated  that  these  pro¬ 
vide  significantly  high  cleaning  functions.  Therefore,  the  preservation  and 
preparation  of  dry  beaches  and  sand  beaches  are  very  effective  sea  environment 
preservation  measures  together  with  utilization  as  recreation  places.  Further 
studies  are  expected. 

FUTURE  SEA  CLEANING  MEASURES 

As  stated,  there  are  various  processes  to  promote  self-cleaning  actions 
of  the  sea.  In  adoption  of  cleaning  methods  for  wide  enclosed  bays  such  as 
Tokyo  Ray,  Ise  Bay,  and  Seto  Inland  Sea,  these  processes  can  be  combined  or 
arranged,  but  many  problems  still  remain,  for  example,  determining,  the  best 
arrangements  for  raceways,  choice  of  air  exposure  equipment,  construction  of 
dry  and  sand  beaches,  adjusting  living  conditions  for  higher  animals  to  main¬ 
tain  their  predation  activities,  and  arranging  equipment  for  nitrogen  and 
phosphorus  stab  1 1 izat ion  by  seaweeds. 

However  since  1979  the  Ministry  of  Transport  has  carried  out  feasibility 
.studies  related  to  bottom  sediment  clarification  (removal  of  organic  sludge 
from  the  sea  bottom)  as  part  of  a  study  concerning  seawater  cleaning  measures 
in  enclosed  bays.  The  investigations  were  carried  out  on  actual  pollution 
situations;  the  scope  of  the  research  was  broad  and  included  simulation  of 
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Figure  7.  Sludge  water  treatment  facility  at  Ube  Harbor 
(a  living  filter) 

seawater  pollution  and  test  engineering  works.  Dissolution  of  nutritive  salts 
from  the  surface  layer  of  the  sea  bottom,  biological  production  in  the  sea, 
and  other  important  data  were  obtained. 

The  effects  of  various  bottom  sediment  clarification  processes  were  con¬ 
firmed  through  tests  and  follow-up  studies  in  the  sea  areas.  Dredging,  sand 
covering,  and  trench  digging  were  tested,  and  the  results  of  follow-up  studies 
were  reported.  Some  are  as  discussed  below. 

Sand  covering  work  was  carried  out  in  Hiroshima  Bay  in  Seto  Inland  Sea. 

In  November  1979,  sand  covering  (1.92  ha)  was  done  to  a  50-cm  thickness,  and 
sand  covering  (A. 48  ha)  to  a  30-cm  thickness  was  done  in  August  1980. 

Figure  8  shows  the  results  of  follow-up  studies  of  dissolution  control¬ 
ling  effects.  It  was  determined  that  pollutant  dissolution  (COD,  T-P,  and 
T-N)  from  the  sea  bottom  was  decreased  by  covering  the  bottom  sludge  with 
sand,  and  that  the  effects  of  the  covering  lasted.  Dissolution  of  T-P  was 
remarkably  decreased  by  sand  covering.  It  is  assumed  that  the  chemical  ad¬ 
sorption  of  phosphorus  by  sand  particles  in  the  aerobic  environment  at  the  sea 
bottom  in  addition  to  physical  restriction  by  covering  served  to  decrease 
pollution  in  the  bav. 


Dissolved  speed,  mg  /m  /dav 


Dredging  and  sand  covering  were  carried  out  in  Ise  Bay.  In  June  1980, 
dredging  60  cm  in  depth  (1  ha),  and  in  June  1981  dredging  (1  ha)  of  30  cm  in 
depth  was  conducted.  In  June  1983,  sand  covering  (5  m  by  5  m  each)  was 
applied  to  a  10-cm  and  30-cm  thickness.  Figure  9  shows  the  results  of  follow¬ 
up  studies  of  benthic  organism  recovery.  The  average  number  of  benthic  orga¬ 
nism  species  and  the  actual  organism  population  increased.  The  increase  of 
benthic  organisms  in  cases  of  sand  covering  was  especially  remarkable. 

Improvements  in  the  sea  environment  are  expected  to  result  from  bottom 
sediment  clarification  work  such  as  dredging  and  sand  covering.  Further  in¬ 
vestigations  and  research  will  be  continued  to  undertake  bottom  sediment  clar¬ 
ification  projects.  It  should  be  noted  that,  as  stated,  the  selection  of 
suitable  cleaning  methods  should  be  made  carefully  because  the  sea's  substance 
circulation  is  extremely  complicated. 

Therefore,  overall  sea  environment  cleaning  measures  will  be  established 
by  combining  bottom  sediment  clarification  works  and  various  self-cleaning 
promoting  methods.  Details  of  the  processes  will  be  established  in  the 
future.  It  is  important  to  review  closely  the  most  suitable  process  combina¬ 
tions  to  preserve  the  environment  of  enclosed  bays. 

CONCLUSIONS 

Tokyo  Bay,  Ise  Bay,  and  Seto  Inland  Sea  will  become  more  important  as 
valuable  spaces  and  their  resources  will  become  more  important  with  the  prog¬ 
ress  of  the  development  of  the  sea.  Under  these  circumstances,  the  Ministry 
of  Transport  will  continue  in  its  efforts  to  establish  total  cleaning  measures 
for  the  environment  of  the  sea  around  Japan.  Adequate  cleaning  projects  will 
be  carried  out  in  accordance  with  changes  in  seawater  quality  and  bottom  sub¬ 
stances,  and  with  the  demands  of  the  time. 
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Figure  9.  Recovery  of  benthic  organisms  after 
dredging  and  sand  covering,  Tse  Bay 
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ABSTRACT 

Lake  restoration  has  grown  out  of  pilot  and  full- 
scale  lake  manipulation  studies  of  the  late  1960s  and 
early  1970s.  Some  procedures  have  proven  to  be  suc¬ 
cessful,  and  some  have  failed.  This  paper  broadly 
divides  the  techniques  into  those  that  have  proven  to 
be  successful,  those  that  require  more  research,  and 
combinations  of  treatments  that  are  desirable  together 
and  those  that  should  be  avoided  together.  The  pro¬ 
cedures  are  divided  further  into  those  that  reduce 
nutrient  concentrations,  and  those  that  control  algae 
and  macrophyte  biomasses  directly.  Both  successes  and 
failures  are  addressed  with  assessment  of  the  reasons 
for  either  response.  The  procedures  are  summarized 
with  assessment  of  the  reaons  for  either  response. 

The  procedures  are  summarized  briefly  from  the  major 
reference  on  this  topic:  Lake  and  Reservoir- 
Restoration  (1986)  by  G.  D.  Cooke,  E.  B.  W<_  h,  S.  A. 
Peterson,  and  P.  R.  Newroth,  Butterworth  Press. 

Boston,  Massachusetts. 


INTRODUCTION 

Cultural  eutrophication  of  lakes  was  thought  for  many  years  to  be  an 
irreversible  process.  Even  those  lakes  which  had  wastewater  discharges 
diverted  from  them  showed  little  if  any  signs  of  recovery.  This  latter  fact 
attests  to  the  very  slow  process  of  lake  recovery  if  the  lakes  are  left  to 
their  own  devices.  However,  a  blooming  of  research  in  the  late  1960s  and 
early  1970s  began  to  reveal  some  aspects  of  the  trophic  dynamics  of  lakes 
previously  not  understood.  For  example,  in  1966,  Sakamoto  published  his  now 
famous  paper  depicting  the  relationship  between  total  phosphorus  concentra¬ 
tions  in  the  water  and  algal  biomass.  Vollenweider  (1975)  began  to  publish 
papers  in  1975  describing  the  relationships  between  phosphorus  loading  rates 
to  lakes  and  their  hydraulic  residence  times.  The  phosphorus  discharge  rates 
and  internal  loss  rates  were  gradually  refined  throughout  the  earlv  1970s, 
thus  producing  the  basis  for  lake  restoration  design  criteria.  The  object  ol 
lake  restoration  became  either  phosphorus  reduction  in  the  water  column  or 
direct  control  of  algae  or  macrophyte  biomass.  Many  methods  were  developed  t. 
accomplish  these  goals.  Some  of  the  methods  have  proved  successful  and  some 


have  not.  The  purpose  of  this  paper  is  to  provide  a  brief  summary  on  the 
success  and  failure  of  several  different  lake  restoration  procedures.  The 
information  in  this  paper  is  from  a  forthcoming  book  by  Cooke  et  al.  (1986). 

SUCCESSFUL  TECHNIQUES 

Procedures  to  Reduce 
Nutrient  Concentrations 

Nutrient  Diversion 

Diversion  of  nutrient  income  is  widely  recognized  as  a  highly  necessary 
and  usually  essential  first  step  to  obtaining  improvement  in  lake  trophic 
state.  Uttormark  and  Hutchins  (1980)  examined  the  responses  of  23  lakes  to 
diversion  and  found  that  while  concentration  of  nutrients  (P  in  this  case)  may 
have  declined,  only  30  percent  of  the  lakes  showed  improvement  to  a  lower 
trophic  state.  This  may  have  been  because  diversion  was  insufficient  to  lower 
concentration  to  the  level  that  would  change  the  lakes  from  eutrophic  to  meso- 
trophic.  Despite  this  problem,  a  reasonable  reduction  in  algal  biomass,  ab¬ 
sence  of  blue-green  algal  scums,  and  a  reduction  of  fecal  coliform  counts  to 
an  acceptable  range  will  make  diversion  a  success. 

Another  reason  diversion  might  fail  to  significantly  improve  trophic 
state  is  continued  release  of  nutrients  from  sediments  into  the  water  column. 
This  factor,  along  with  morphometric  and  hydrologic  features  such  as  mean 
depth  and  flushing  rate,  is  important  in  determining  how  much  change  in  con¬ 
centration  will  occur  after  diversion  and  how  long  it  will  take  for  the  lake 
to  reach  a  new,  lower  concentration  equilibrium.  Ultimately,  internal  P  re¬ 
lease  should  decline  as  older,  richer  sediments  are  depleted  of  nutrients  and 
are  covered  with  those  of  lower  nutrient  content,  thus  producing  lower  nutri¬ 
ent  levels  in  the  water  column. 

Silt  income  control  may  be  very  significant  in  preventing  the  rapid 
development  of  shallow  water  and  the  spread  of  nuisance  matrophytes  An 
extensive  littoral  area  from  long-term  deposition  might  require  sediment 
removal  or  other  procedures  before  macrophyte  growth  is  controlled.  Control 
of  sediment  income  from  the  watershed  is  thus  again  an  essential  first  step  to 
improvement  in  trophic  state. 

Dilution /Flushing 

Dilution  reduces  the  concentration  of  nutrients  in  the  water  column  by 
adding  nutrient-poor  water.  Flushing  reduces  algal  biomass  by  increasing  the 
loss  rate  of  cells.  Both  effects  will  occur  if  large  amounts  of  low  nutrient 
water  are  added. 

Dilution  has  been  very  effective  in  Moses  Lake  and  Creen  Lake,  Washington 
(Oglesby  1969).  Welch  (1981)  concluded  that  the  best  plan  is  to  have  a  con¬ 
tinuous  low-rate  input  of  low-nutrient  water,  coupled  with  nutrient  diversion. 
While  this  procedure  will  bring  about  lake  improvement,  its  applicability  is 
limited  by  availability  of  nutrient-poor  waters  for  diversion  into  eutrophic 
lakes . 


Phosphorus  Inact ivat ion/Prec ip i tat  ion 

The  purpose  of  this  technique  is  to  lower  the  concentration  of  P  in  the 
water  column  by  either  precipitating  it  or  preventing  its  release  from  sedi¬ 
ments  (inactivation).  Phosphorus  in  the  water  column  is  sorbed  to  salts  of 
aluminum  (aluminum  sulfate  or  sodium  aluminate)  as  they  are  added  to  the  lake 
surface  or  to  the  hypolimnion.  With  inactivation,  sufficient  aluminum  is 
added  to  create  a  barrier  to  P  release  at  the  sediment/water  interface. 

Phosphorus  inac t iva t ion/prec ipi tat  ion  has  the  potential  to  create  alumi¬ 
num  toxicity  in  lakes.  This  situation  could  occur  through  excessive  applica¬ 
tion  of  soluble  aluminum  (A1  III)  or  through  a  decrease  in  pH  following  appli¬ 
cation  of  appropriate  amounts  of  aluminum.  Kennedy  and  Cooke  (1981,  1982) 
have  described  a  method  for  determining  the  maximum  safe  dose  of  aluminum 
sulfate  for  a  lake,  based  on  lake  water  alkalinity  and  toxicity  of  dissolved 
aluminum  to  trout.  An  alternative  dose  procedure  for  softwater  lakes  has  been 
described  by  Dominic  (1980).  Following  these  procedures  ensures  maximum  P 
inactivation  while  minimizing  the  potential  for  creating  toxicity  problems. 

The  P  inactivation  technique  is  particularly  effective  in  long-term 
control  of  P  concentration  in  the  water  column  (Cooke  and  Kennedy  1981a, 

1981b).  The  longest  period  of  P  control  to  date  is  12  years  (Garrison  and 
Knauer  1984).  Failures  have  been  due  to  insufficient  dose,  polvmixis,  and 
insufficient  nutrient  diversion. 

Sediment  Removal 

Sediment  removal  is  one  of  the  most  commonly  prescribed  techniques  for 
long-term  lake  improvement.  Lake  deepening  and  the  removal  of  toxic  mate¬ 
rials,  macrophytes,  and  nutrient-rich  sediments  are  its  main  purposes.  Until 
recently  (Peterson  1979,  1981,  1982),  little  published  documentation  about  its 
effectiveness,  environmental  impact,  and  costs  was  available. 

Lake  deepening  projects  are  generally  successful  except  in  instances 
where  sediment  income  remains  high.  Similarly,  control  of  nutrient  release 
from  sediments  can  be  achieved  by  removal,  although  it  is  often  less  costly  to 
do  so  through  P  inactivation.  There  is  little  documentation  of  macrophyte 
control  by  dredging.  The  success  or  failure  of  macrophyte  control  appears  to 
be  associated  with  dredging  beyond  the  light  compensation  depth. 

There  is  widespread  concern  about  the  negative  environmental  impacts  of 
dredging,  but  most  negative  effects  (algal  blooms,  high  turbidity)  are  of 
short  duration.  One  common  problem  is  inadequate  sizing  of  disposal  area. 
Diking  in  upland  areas  is  the  most  frequently  used  means  of  containing  the 
dredged  material  since  the  filling  of  wetland  areas  is  strictly  controlled. 
Fill  permits  are  required  for  any  areas  in  excess  of  10  ha. 

Dredging  costs  range  from  $0.25  to  $14. 00/m3.  Removal  of  contaminated 
material  may  exceed  $25. 00/m3.  One  way  of  lowering  costs  is  to  sell  uncon¬ 
taminated  dredged  material  for  topsoil  dressing. 


Procedures  to  Control 
Algal  and  Macrophyte  Biomass 


Drawdown 

Lake  level  drawdown  is  used  successfully  to  control  the  growth  of  certain 
macrophyte  species,  to  consolidate  flocculent  lake  sediments,  to  provide  an 
opportunity  to  repair  docks  and  dams,  to  remove  sediment  or  to  install  sedi¬ 
ment  covers,  and  to  manage  fish  (Cooke  1980a). 

Not  all  aquatic  plants  are  susceptible  to  the  freezing  or  high  tempera¬ 
ture  conditions  of  a  winter  or  summer  drawdown.  Alligatorweed  ( Altemanthera 
philoxeroid.es)  and  brittle  naiad  ( Najas  flexiiis )  have  been  reported  to  in¬ 
crease  in  density  after  a  drawdown.  Waterlily  ( Nuphar  sp.),  waterhyacinth 
( Eiohhomia  crassipes) ,  and  musk  grass  ( Chara  vulgaris)  usually  decrease.  For 
most  macrophytes,  the  published  data  are  too  sparse  to  generalize.  A  danger 
may  be  that  susceptible  species  will  be  replaced  by  tolerant  ones,  leading 
some  investigators  to  suggest  that  the  best  control  will  be  achieved  by  2  to 
3  years  of  drawdown,  followed  by  2  years  of  stable  water  levels  (Lantz  et  al. 
1964;  Lantz  1974).  Most  drawdowns  are  done  during  the  winter  since  this  does 
not  interfere  with  most  recreational  uses  and  there  is  no  invasion  by  terres¬ 
trial  plants.  Also,  there  is  greater  assurance  of  refill  during  spring  melt 
and  rainfall. 

Drawdown  has  been  effective  in  fish  management.  In  Louisiana  reservoirs, 
populations  of  shad  and  sunfish  are  removed  by  winter  drawdown,  and  their 
spawning  is  prevented  by  summer  drawdown  (Lantz  et  al.  1964).  In  reservoirs 
with  5  or  more  consecutive  years  of  drawdown,  game  fish  standing  crops  and 
reproductive  rates  have  increased. 

Negative  effects  of  water  level  drawdown  include  algal  blooms  upon 
refilling.  Fish  kills  have  occurred  in  isolated  pools  of  water  during  draw¬ 
down,  and  great  changes  have  taken  place  in  the  macroinvertebrate  communities. 

This  management  technique  can  be  effective  in  macrophtyte  control  and  can 
be  beneficial  in  the  sense  that  it  provides  management  personnel  with  access 
to  the  lake  for  the  purpose  of  enacting  other  techniques. 

Sediment  Covers 

Several  sheeting  materials  have  been  tested  for  their  effectiveness  in 
preventing  macrophyte  growth  (Cooke  1980b).  Impermeable  materials  such  as 
polyethylene  have  been  found  to  be  effective  but  troublesome  because  they 
accumulate  gases  underneath  and  balloon  to  the  surface.  One  way  to  prevent 
"ballooning"  is  to  cover  the  plastic  with  gravel  and  silt,  but  this  practice 
provides  new  substrate  for  plant  growth,  thus  defeating  the  purpose  of  the 
plastic  cover.  Burlap  has  been  shown  to  be  effective  for  one  growing  season, 
but  the  material  usually  decomposes  and  must  be  replaced  annually. 

Fiberglass  screen  coated  with  polyvinyl  chloride  (PVC)  has  been  very 
effective  in  preventing  macrophyte  growth.  It  is  easy  to  install  and  does  not 
"balloon,"  but  is  very  expensive  ($140  to  $170/ft2;  $2.15/mz).  Perkins, 
Boston,  and  Curren  (1980)  suggested  that  control  with  screening  was  achieved 
by  physical  restriction  of  plant  growth  through  the  screen.  In  most 
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instances,  the  screens  must  be  repositioned  annually  to  remove  accumulated 
silt.  Due  to  its  cost,  this  material  appears  to  be  best  suited  for  small 
areas  around  docks  and  bathing  beaches. 

TECHNIQUES  REQUIRING  MORE  RESEARCH  AND  DEMONSTRATION 

Procedures  to  Reduce 
Nutrient  Concentration 

Hypolimnetic  Withdrawal 

The  object  of  this  technique  is  to  siphon  or  pump  nutrient-rich  hypo- 
limnetic  water  from  the  lake.  This  technique  removes  nutrients  from  the  lake 
and  should  reduce  the  impact  of  vertical  entrainment  of  nutrients  on  the 
epilimnion.  The  siphon  is  sometimes  called  an  "Olszewski  tube"  after  its 
originator  (Olszewski  1961). 

Experiences  with  this  device  in  small  European  lakes  have  been  described 
by  Bjork  (1974)  and  Gachter  (1976).  Total  P  and  internal  P  release  decreased, 
transparency  increased,  and  fewer  blue-green  algae  were  present. 

This  technique  deserves  further  study  since  it  is  simple,  dependable,  and 
inexpensive.  The  high  P,  low  dissolved  oxygen  content  of  the  hypolimnion 
water  could  pose  a  threat  to  receiving  waters.  Other  possible  problems  might 
include  disruption  of  the  thermocline,  excessive  water  loss  from  the  lake,  and 
the  requirement  that  the  discharge  end  of  the  siphon  be  below  the  surface 
level  of  the  lake. 

Sediment  Oxidation 

Ripl  (1976)  described  a  procedure  (discussed  below)  for  oxidizing  the  top 
15  to  20  cm  of  anaerobic  lake  sediment  to  reduce  internal  nutrient  release. 
There  are  few  published  data  regarding  the  success  of  this  new  procedure  and 
its  cost. 

Fe(Cl^)  is  added  first  if  Fe  is  naturally  insufficient.  Ferric  hydroxide 

formation  binds  P  and  the  sulfur  in  FeS  is  lost  as  H2S.  Calcium  hydroxide  is 

added  next  to  increase  pH  to  the  optimum  for  denitrification.  Finally,  cal¬ 
cium  nitrate  is  added  to  the  sediments,  oxidizing  reduced  carbon  and  acting  as 
an  alternative  electron  receptor.  Reduction  of  iron  (III)  does  not  occur 
until  the  nitrate  is  exhausted.  The  chemicals  are  added  using  a  harrow 
device.  A  positive  result  (lower  pH,  NH^  decrease,  0?  demand  lowered)  was 

found  in  Lake  Lillesjon,  Sweden  (Ripl  and  Lindmark  1978),  but  costs  of  chemi¬ 
cals  and  equipment  were  high.  Further  laboratory  and  field  evaluations  of 
this  technique  are  needed. 

Procedures  to  Control 
Algae  and  Macrophyte  Biomass 

Biological  Controls 


Biological  control  methods  may  be  the  most  promising  because  they  offer 
the  possibility  of  exerting  control  of  nuisance  plants  without  eradication  and 


without  the  use  of  expensive  machinery  or  toxic  chemicals.  Among  the  most 
controversial  of  the  proposed  biological  control  methods  is  the  introduction 
of  grass  carp,  or  white  amur  ( Ctenopharyngodon  idella  Val.),  a  voracious  con¬ 
sumer  of  macrophytes.  Successful  introductions  have  been  reported  by  Mitzner 
(1978)  and  by  Shireman  and  Maceina  (1981).  The  US  Army  Corps  of  Engineers  and 
others  are  conducting  large-scale  feasibility  studies  in  Florida.  While  new 
data  are  now  being  accumulated,  there  remains  no  certainty  with  regard  to  the 
effects  of  these  animals  on  other  species,  their  role  in  nutrient  recycling, 
whether  they  transmit  fish  diseases,  and  whether  or  not  they  will  reproduce 
and  infest  nontarget  waters.  Currently  the  fish  is  widespread  in  the  southern 
Mississippi  River  system.  It  will  be  fortunate  indeed  if  this  animal  proves 
to  be  useful  for  plant  control.  Many  releases  were  made  before  man>  of  the 
above  questions  were  addressed. 

A  plant  pathogen  ( Cercospora  rocbmanii)  appears  to  be  effective  in  control 
of  waterhyacinth  ( t'ichhomia  crassipes)  and  is  now  being  prepared  for  a  large- 
scale  operations  test  by  the  US  Army  Engineer  Waterways  Experiment  Station 
(Freeman  et  al.  1981). 

Since  LaMarra  (1975)  reported  the  nutrient  recycling  ability  of  the  com¬ 
mon  carp,  others  have  further  demonstrated  eutrophying  characteristics  of  ben- 
thivorous  fish  (Anderson  et  al.  1978;  Keen  and  Gagliardi  1981).  The  word 
"biomanipulation"  has  been  used  to  include  lake  improvement  activities  in 
which  fish  such  as  bullheads  (Ichtalurids)  are  removed,  or  in  which  the  pe¬ 
lagic  food  web  is  altered  to  decrease  predation  on  the  large  herbivorous  zoo¬ 
plankton  (Shapiro,  LaMarra,  and  Lynch,  1975;  Shapiro  1979).  These  and  other 
procedures  deserve  considerable  further  support  and  attention.  These  methods 
may,  for  example,  be  one  way  to  improve  lakes  where  significant  nutrient 
diversion  cannot  be  achieved. 

Artificial  Circulation 

The  purpose  of  this  procedure  is  to  prevent  thermal  stratification  or  to 
destratify  the  lake.  The  most  effective  and  least  expensive  technique  is  to 
introduce  compressed  air  at  maximum  depth,  increasing  a  curtain  of  bubble  and 
intensive  mixing.  An  airflow  rate  of  9,4  m3/min/km2  should  be  adequate 
(Lorenzen  and  Fast  1977). 

Artificial  circulation  is  included  as  a  "technique  requiring  more  re¬ 
search"  because  the  expected  results  often  are  not  realized.  The  reason  for 
this  is  not  readily  explained.  However,  Pastorak,  Ginn,  and  Lorenzen  (1981) 
found  that  in  only  20  percent  of  the  cases  reviewed  was  the  flow  rate  of 
9.4  m3/min/km2  achieved,  a  factor  that  might  account  for  some  of  the  reported 
failures  of  the  technique.  The  principal  improvement  is  increased  aeration  of 
the  water  column  and  expanded  fish  habitat.  Theoretically,  aeration  and  cir¬ 
culation  should  inhibit  P  release  from  sediments,  limit  algal  productivity  by 
increasing  cell  residence  time  in  dark  waters,  decrease  pH,  and  perhaps  shift 
the  competitive  balance  from  blue-green  algae  to  greens  and  diatoms,  limit  the 
survival  of  blue-green  pseudovacuoles  (buoyancy),  and  favor  the  survival  of 
herbivorous  zooplankton.  Phy toplantkon  decreased  in  about  half  the  cases  ex¬ 
amined  by  Pastorak,  Lorenzen,  and  Ginn  (1982).  Transparency  decreased  more 
often  than  it  increased.  Circulation  may  introduce  nutrients  to  the  water 


column,  and  In  nutrient-limited  lakes  an  increase  in  biomass  may  occur.  This 
technique  might  be  most  effective  in  lakes  where  nutrients  are  not  limiting. 
However,  additional  research  is  needed. 

Hypolimnetic  Aeration 

This  is  a  technique  to  aerate  the  hypolimnion  without  achieving  destrati¬ 
fication  (Pastorak,  Lorenzen,  and  Ginn  1982).  It  is  accomplished  by  an  "air¬ 
lift"  in  which  water  is  lifted  up  a  cylinder  by  compressed  air  to  the  lake 
surface,  aerated,  and  then  returned  to  the  hypolimnion. 

Successful  oxygenation  is  usually  achieved,  although  metalimnetic  oxygen 
minima  may  occur  with  an  undersized  aerator.  Phosphorus  concentration  may  be 
reduced  following  the  introduction  of  oxygen;  however,  hypolimnetic  levels 
tend  to  remain  high.  There  are  few  data  on  biological  effects,  including 
those  on  phytoplankton,  zooplankton,  and  fish  (Pastorak,  Lorenzen,  and  Ginn 
1982).  More  documentation  about  the  responses  of  lakes  to  this  treatment  is 
needed . 

Harvesting 

Harvesting  is  one  of  the  more  controversial  procedures,  in  part  because 
there  is  little  scientific  evidence  to  demonstrate  long-term  effectiveness. 

The  technique  has  been  incorrectly  categorized  with  herbicides  as  a  cosmetic 
treatment.  Unlike  the  introduction  of  toxic  materials  to  lakes,  nutrients  and 
oxygen-consuming  biomass  are  removed  during  a  harvest,  thus  protecting  the  lake 
from  acute  oxygen  depletion  as  occurs  with  herbicides.  There  is  some  evidence 
that  longer  term  control  of  macrophytes  can  be  achieved  by  employing  a  proper 
cutting  frequency  and  cutting  technique.  Since  harvesting  is  usually  less 
costly  than  herbicides,  and  because  removal  of  nuisance  plant  biomass  can  have 
a  protective  effect  for  the  lake,  the  use  of  this  procedure  deserves  more 
careful  attention  and  additional  experimental  work. 

COMBINATIONS  OF  LAKE  RESTORATION  TECHNIQUES 

For  the  most  part,  each  lake  or  reservoir  restoration  or  improvement 
technique  has  been  addressed  separately,  as  if  the  use  of  one  precludes  the 
simultaneous  use  of  another.  However,  "integrated  control  methods,"  similar 
to  those  used  in  agriculture,  may  be  far  more  effective  and  less  costly  than 
use  of  any  single  technique. 

Some  procedures,  when  used  together,  could  counter  each  other  or  produce 
a  negative  effect.  Some  of  these  situations  are  summarized  below. 

•  Flushing.  Do  not  use  with  hypolimnetic  withdrawal  because  the  prob¬ 
ability  of  destratification  is  greatly  enhanced  and  would  negate  the  effec¬ 
tiveness  of  withdrawal  if  it  occurred.  It  is  not  compatible  with  dilution 
unless  the  water  used  for  flushing  is  very  low  in  nutrients,  thus  making  the 
effects  of  the  two  essentially  identical.  If  used  with  phosphorus  inactiva¬ 
tion  or  sediment  oxidation,  there  is  a  risk  that  chemicals  added  to  the  sedi¬ 
ments  might  be  removed.  Flushing  in  conjunction  with  sediment  removal  would 
have  to  be  used  with  care  since  turbidity  and  nutrients  generated  by  the 
dredge  would  quickly  be  transported  through  the  lake.  If  thev  are  used 
simultaneously,  then  silt  curtains  around  the  dredge  site  would  be  useful. 


Flushing  and  lake  level  drawdown  should  not  be  used  in  the  same  season.  The 
introduction  of  phytophagous  fish  must  be  done  only  where  the  fish  cannot 
escape  to  downstream  ecosystems. 

•  Phosphorus  Inactivation.  Flushing  is  not  compatible  with  this  pro¬ 
cedure,  as  described  earlier.  Aluminum  salts  and  the  reagents  used  in  sedi¬ 
ment  oxidation  might  be  incompatible,  especially  if  pH  is  affected  and  deni¬ 
trification  is  impeded.  Artificial  circulation  and  hypolimnetic  aeration 
could  interfere  with  the  effectiveness  of  phosphorus  inactivation  by  mixing 
the  treated  sediments  with  overlying  water. 

•  Sediment  Oxidation.  As  noted  above,  there  could  be  problems  with  the 
combined  use  of  sediment  oxidation  and  flushing  or  phosphorus  inactivation. 

•  Biological  Controls.  Phytophagous  fish  should  be  introduced  only  where 
they  cannot  escape  downstream.  Hypolimnetic  withdrawal,  dilution,  and  flush¬ 
ing  together  with  fish  stocking  would  require  barriers  to  prevent  the  fish 
from  escaping. 

Very  little  information  has  been  published  on  the  application  of  two  or 
more  techniques  in  the  same  lake  or  reservoir.  This  is  due  in  part  to  high 
costs  and  also  to  the  desire  to  learn  about  one  procedure  without  the  con¬ 
founding  effect  of  additional  manipulations.  The  next  major  advances  in  lake 
restoration  technology  might  well  be  in  the  area  of  combinations  of  lake 
restoration  techniques. 

The  compatibility  of  some  procedures  is  obvious.  An  example  is  lake 
drawdown  with  sediment  removal  and  the  application  of  sediment  covers.  It  is 
also  used  in  fish  management,  where  it  might  result  in  production  of  larger 
sport  fish.  Harvesting  can  enhance  the  effectiveness  of  2,4-D  applications  by 
allowing  access  of  the  chemical  to  root  systems,  and  plants  damaged  by  a  har¬ 
vester  may  be  more  susceptible  to  plant  pathogens.  Diversion  of  nutrient 
loading  is  obviously  compatible,  if  not  necessary,  with  every  technique. 

The  entire  area  of  integrated  control  of  nuisance  aquatic  vegetation  is 
in  its  infancy.  Documentation  of  lake  management  via  combined  methods  is 
strongly  urged.  Effectiveness  of  the  techniques  as  well  as  a  cost  analysis  is 
needed . 

CONCLUSIONS 

The  goal  here  is  to  briefly  review  and  analyze  the  current  state  of  knowl¬ 
edge  of  the  procedure  to  protect,  improve,  and  restore  eutrophic  lakes  and 
reservoirs.  An  obvious  finding,  while  not  always  explicitly  stated,  is  the 
small  amount  of  actual  knowledge  about  protection,  management,  and  restoration 
of  freshwater  resources.  At  present,  solutions  seem  to  be  based  almost  exclu¬ 
sively  on  the  application  of  chemicals  or  the  introduction  of  machinery.  In 
many  cases  these  approaches  are  effective,  but  they  are  also  expensive.  The 
developing  interest  in  biological  control  may  greatly  add  to  the  arsenal  of 
effective  and  inexpensive  techniques.  This  avenue  may  become  extremely  impor¬ 
tant  in  the  near  future  as  the  demand  for  clean  water  increases. 


There  .  re  ample  reasons  to  believe  that  surface  water  resources  of  both 
developed  and  developing  nations  will  continue  to  deteriorate  with  the  rising 
demands  of  agriculture  and  the  inability  of  governmental  units  to  provide 
adequate  sewage  treatment  as  urban  populations  increase.  There  is  a  need  to 
greatly  increase  our  knowledge  of  freshwater  ecosystems  and  of  the  methods  to 
manage,  protect,  and  restore  them.  This  is  vital,  not  only  for  recreational 
purposes,  but  for  consideration  of  human  health  and  economic  development. 

Several  of  the  above  procedures  rely  on  chemical  manipulations  of  the 
sediments.  Far  more  knowledge  is  needed  about  this  practice,  including  stud¬ 
ies  on  the  significance  of  internal  loading.  We  have  very  little  information 
about  the  long-term  effectiveness  and  impacts  of  these  restoration  and  im¬ 
provement  methods  and,  finally,  we  know  next  to  nothing  about  the  efficacy  of 
combined  uses  of  these  procedures.  An  in-depth  coverage  of  the  above  lake 
restoration  practices  is  contained  in  the  book  entitled  Lake  and  Reservoir 
Restorat ion  by  G.  D.  Cooke,  E.  B.  Welch,  S.  A.  Peterson,  and  P.  R.  Newroth. 

It  is  scheduled  for  publication  by  Ann  Arbor  Science,  Butterworth  Press, 
Boston,  Massachusetts,  in  February  1986. 
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SEDIMENTATION  AND  EFFICIENT  CONCENTRATION 
OF  SOFT  CLAY  ON  RECLAMATION  WORKS 


Yoshiharu  Watari,  Noriyoshi  Aritomi,  Nobtimasa  Morii 
Japan  Bottom  Sediments  Management  Association 


ABSTRACT 

This  paper  establishes  a  basic  design  standard 
for  the  disposal  of  effluents  in  a  containment  area. 
Field  investigations  and  model  tests  were  conducted  to 
clarify  the  flow  patterns  and  settlements  of  the  dis¬ 
charged  material.  By  considering  the  results  obtained 
by  these  investigations,  we  discuss  the  method  of  es¬ 
timation  for  effluent  suspended  solids  (SS)  concentra¬ 
tion  during  dredging  and  reclamation  works. 

The  basin  in  front  of  a  spillway  is  an  ideal  sed¬ 
imentation  basin.  The  settling  tests  that  introduced 
the  idea  of  overflow  rate  in  an  ideal  sedimentation 
basin  gave  a  good  correlation  between  overflow  rate 
and  SS  residual  ratio.  If  settling  tests  of  the  bot¬ 
tom  sediments  are  carried  out  in  advance,  from  which 
correlation  coefficients  are  obtained,  an  approximate 
estimation  of  effluent  concentration  can  be  determined 
by  the  regression  equation  corresponding  to  the 
reclamation  progress. 


INTRODUCTION 

Dredging  sea  bottom  sediment  and  placing  it  into  diked  containment  areas, 
thus  preventing  water  pollution,  is  important  for  the  preservation  of  the  en¬ 
vironment.  Recently  in  Japan,  it  has  been  very  common  to  dredge  soft  clay 
that  contains  a  large  amount  of  oil  or  organic  substances.  A  very  important 
problem  is  management  of  the  effluent  SS  concentration — this  management  must 
be  incorporated  in  the  design  and  execution  of  dredging  and  reclamation  work. 
This  paper  describes  the  behavior  of  effluents  with  the  progress  of  sedimen¬ 
tation  at  the  pump  dredging  and  reclamation  site,  based  on  field  investiga¬ 
tions  and  the  model  tests  of  the  containment  area. 

This  paper  also  describes  a  simplified  method  of  estimating  the  effluent 
concentration  in  the  containment  area  by  applying  a  settling  test  using  a  cyl¬ 
inder.  Because  settlement  and  sedimentation  change  in  the  containment  area  in 
a  very  complicated  fashion  with  the  progress  of  reclamation,  there  is  a  limit 
in  accuracy  of  estimation  from  laboratory  tests  involving  a  number  of  assump¬ 
tions.  However,  the  method  to  estimate  the  approximate  effluent  SS  concentra¬ 
tion  derives  its  utility  from  its  simplicity  and  speed  of  test  execution. 
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TABLE  1.  PROJECT  SPECIFICATIONS 


Item 


Dredged  volume 


Specification 
389,000  m3 


Area  of  containment 

Design  thickness  of 
rec lamation 

Area  of  sedimentation 
basin 

Volume  of  sedimenta¬ 
tion  basin 


272,000  m2 
3.25  m 

(+3.20  m  from  water  level) 

16,960  m2 
(160  m  x  106  m) 

61,000  m3 


Investigation  Results 


A  field  survey  was  carried  out  in  the  middle  and  latter  periods  of  con¬ 
struction.  The  reclamation  progress  ratio  was  30  to  40  percent  at  the  middle 
period  and  80  to  90  percent  at  the  latter  period.  Physical  properties  of  the 
dredged  material  are  shown  in  Table  2. 

Figure  2  shows  the  contour  lines  of  the  sedimentation  and  the  flow  pat¬ 
tern  of  disposed  material  during  the  first  observation  (reclamation  progress 
ratio  about  40  percent).  The  thick  lines  in  Figure  2  are  the  depths  at  which 
the  turbidimeter  (Tb)  indicated  more  than  500  ppm  (the  limit  of  detection)  and 
the  dotted  lines  are  the  depths  measured  by  use  of  a  lead.  The  difference 
between  the  two  lines,  calculated  to  be  about  1  to  2  m,  is  considered  to  be 
the  height  of  unconsolidated  sedimentation  of  the  dredged  material.  Water 
content  of  this  layer  was  about  150  to  230  percent.  The  dredged  mixture 
flowed  toward  both  sides  due  to  the  higher  sedimentation  in  front  of  the 
outlet.  The  extremes  of  the  oblique  lines  in  Figure  2  indicate  dead  zones 
where  flow  was  very  low. 

Figure  3  shows  the  depth  measured  by  a  ruler,  during  the  second  observa¬ 
tion  (reclamation  progress  ratio  about  90  percent) .  The  sedimentation  pro¬ 
gresses  through  almost  the  entire  region  and  shows  a  leveled  configuration. 
Water  content  at  50  cm  below  the  sedimentation  surface  was  200  to  450  percent. 
From  Figure  2,  it  can  be  seen  that  the  inclination  of  the  sedimentation  sur¬ 
face  varies  from  1  in  250  to  1  in  200  in  the  most  steeply  inclined  regions. 

On  the  other  hand,  in  Figure  3,  the  inclination  in  the  latter  period  of  the 
reclamation  becomes  less  than  1  in  1,000.  It  is  presumed  that  the  sedimenta¬ 
tion  liquefied  in  the  containment  area  due  to  the  high  water  content  and,  as  a 
necessary  consequence,  the  inclination  became  less  steep.  Actually,  it  was 
observed  that  the  sedimentation  surface  in  the  detention  area  located  farthest 
from  the  outlet  ascended  slowly  with  the  progress  of  reclamation. 


TABLE  2.  PHYSICAL  PROPERTIES  OF  THE  DREDGED  MATERIAL 


Spec  if ic 

Grav  i  t  v 

Natural 

Water  Content 
% 

Grain-Size  Distribution,  % 

Sand  Silt  Clay 

Ignition 

Loss 

l 

2.6  20 

97 

3-5  48-57  40-47 

10 

1  2  3-*  5  6  7  8 


Figure  2.  Contour  lines  and  flow  patterns  in  the  containment  area 

Figure  4  shows  the  result  of  continuous  turbidity  measurements  at  50  cm 
below  the  water  surface.  Dredging  was  performed  between  about  7:00  to  17:00. 
Therefore  the  turbidity  of  10  to  20  ppm  during  the  first  stage  is  the  effluent 
concentration  after  about  13  hr  of  settlement.  Turbidity  at  points  A,  B,  and 
C  in  Figure  4  shows  marked  increases  after  15,  45,  and  80  min  from  the  begin¬ 
ning  of  the  measurement.  These  are  presumed  to  be  the  times  that  the  disposed 
material  reached  three  points.  The  propagation  velocities  of  turbidity  are 
calculated  to  be  23  cm/sec  from  the  outlet  to  point  A,  6  cm/sec  from  point  A 
to  point  B,  and  3  cm/sec  from  point  B  to  point  C. 


Figure  5  shows  the  plane  distribution  of  turbidity  at  50  cm  below  the 
water  surface;  contour  lines  are  also  included.  Equivalent  turbidity  lines 
spread  at  right  angles  with  the  discharge  direction,  indicating  the  effluent 
flowed  easily  toward  both  sides  as  compared  with  the  discharge  direction,  due 
to  the  sedimentation  in  front  of  the  outlet. 


Outlet 


gj 


Figure  5.  Plane  distribution  of  turbidity  at  50  cm  below 
the  water  surface;  contour  lines  are  also 
included  (February  17,  a.m.) 

Continuous  turbidity  measurements  at  points  A  to  C  in  Figure  6  show  a 
quite  different  tendency.  In  Figure  6,  though  the  turbidity  at  point  A,  which 
is  almost  centrally  located,  increases  with  time,  the  turbidity  at  point  B  and 
C  remains  constant. 


Figure  7  shows  the  plane  distribution  of  turbidity  and  the  contour  lines 
measured  during  the  afternoon  of  the  same  day.  Dredged  mixtures  on  that  day 
spread  in  a  radial  dispersion  as  was  shown  in  Figure  2;  therefore,  it  is  con¬ 
cluded  that  propagation  of  the  dredged  mixture  increased  the  turbidity  at 
point  A,  but  not  directly  to  the  points  B  or  C. 

Although  the  dredging  work  began  on  February  7,  it  was  February  15  when 
the  effluent  began  to  overflow  at  the  spillway.  Variations  of  the  effluent's 
SS  concentration  with  time  show  a  sawtooth  tendency  as  shown  in  Figure  8.  The 
control  limit  of  SS  concentration  at  point  V  in  Figure  8  was  50  mg /l  to  pre¬ 
vent  water  pollution.  High  molecular  coagulants  were  added  to  the  effluents 
to  satisfy  the  standard  since  February  15.  Some  10,050  kg  of  high  molecular 
coagulants  wore  used.  Average  dosage  was  26  g/cum  of  dredged  material. 

MODEL  TEST  OF  THE  CONTAINMENT  AREA 


As  the  flow  patterns  and  sedimentations  in  the  containment  area  are  con¬ 
sidered  to  he  a  complicated  phenomenon  in  which  many  parameters  interact  with 
each  other,  a  simplified  model  test  was  carried  out  to  predict  the  phenomena. 
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Figure  8. 


Reclamation  progress  ratio  (%) 

Elapsed  time  fluctuations  of  the  effluent  SS 
concentration  in  the  sedimentation  basin 


Test  Equipment 


During  the  latter  period  of  the  reclamation,  should  the  depth  become 
shallow,  the  dredged  mixture  spreads  radially  and  sedimentation  progresses  in 
a  three-dimensional  mode.  However,  during  the  early  or  middle  period,  at 
rather  high  depths,  the  sedimentation  can  be  considered  as  a  two-dimensional 
phenomenon,  in  the  longitudinal  and  vertical  directions.  Thus  a  two- 
dimensional  model  test  using  water  tanks  was  conducted.  The  test  equipment  is 
illustrated  in  Figure  9. 

The  prescribed  concentrated  slurry  with  the  sea  bottom  sediments  and 
artificial  seawater,  as  described  later,  were  poured  from  one  side  of  the 
water  tank  keeping  a  constant  water  head  by  the  siphon  principle.  On  the 
other  side  of  the  water  tank  an  effluent  weir  is  established.  Samples  of  the 
sedimentation  were  taken  during  the  experiment  at  points  BC ,  DE,  and  (.H,  shown 


in  Figure  9,  to  measure  the  concentrations.  The  samples  were  taken  at  six 
points  vertically  using  a  sampling  device  as  illustrated  in  Figure  10.  After 
pouring  the  slurry,  water  content  and  grain-size  analysis  were  performed  at 
points  A  through  H  in  Figure  9.  Table  3  shows  the  test  conditions. 


Results  of  Test 

We  attempted  to  clarify  the  effect  of  kinds  of  water  on  the  settling 
velocity  of  particles.  Figure  11  shows  the  decrease  of  the  clarified  water  SS 
concentration  with  time  using  several  different  solutions.  The  variation  of 
the  clarified  water  SS  concentration  of  artificial  seawater  (commercially 
called  "Aquamarine"  in  Japan)  shows  a  similar  tendency  to  that  of  natural  sea¬ 
water.  In  saline  solutions,  the  SS  concentrations  are  larger  than  the  other 
cases;  the  SS  concentrations  in  fresh  water  are  the  largest.  This  means  that 
the  settling  velocity  of  particles  in  seawater  is  greater  than  in  fresh  water 
due  to  flocculation  of  negatively  charged  sediment  particles  into  Mg-H-  or  Na+ 
in  seawater. 

Figure  12  shows  the  grain-size  distributions  in  fresh  water  and  in  arti¬ 
ficial  seawater  obtained  by  mechanical  analysis  of  soil  using  a  hydrometer. 
When  seawater  is  applied  to  the  analysis,  the  result  shows  that  there  are 
fewer  particles  smaller  than  5  urn;  the  apparent  grain  size  becomes  larger. 
Therefore,  for  actual  sedimentation  in  seawater,  artificial  seawater  was  se¬ 
lected  for  the  ir  lei  test  due  to  its  similar  properties  to  natural  seawater. 

Figure  13  shows  the  outline  of  the  sedimentation  condition  10  min  after 
the  beginning  of  discharge.  Discharged  material  reached  the  bottom  of  the 
tank  as  a  forced  plume,  then  spread  slowly  in  the  horizontal  direction.  A 
suspended  layer  in  the  upper  region,  a  zone  settling  layer  in  the  middle  re¬ 
gion,  and  a  consolidated  settling  layer  in  the  bottom  region  developed  as 
shown  in  Figure  13. 
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Figure  10.  Sampling  device 
of  the  mixture 


TABLE  3. 


TEST  CONDITIONS 


Influent 
Concentration 
mg/  £ 

Diameter  of 
Inlet  Pipe 
mm 

Inf luent 
Loading  Rate 
ml/min 

Velocity  of 
Inlet  Pipe 
m/sec 

Elapsed  Dis¬ 
charge  Time 
min 

9b, 300 

4 

250 

0.33 

240 

Figure  14  shows  the  vertical  distributions  of  the  concentration  at  points 
BC,  DE,  and  OH  as  a  function  of  elapsed  time.  Though  the  water  content  in 
each  layer  changed  only  slightly  with  the  passage  of  time,  it  tended  to  in¬ 
crease  with  distance  from  the  outlet  tube.  The  water  content  distributions  in 
consolidated  sedimentation  shown  in  Figure  15  exhibited  the  same  tendency. 
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Figure  11.  Variation  of  clarified  water  SS  concen¬ 
tration  using  several  different 

solutions  (SS  =  33,690  mg/i.) 
o 

This  tendency  corresponds  to  the  grain-size  distributions  of  each  point. 
Smaller  particles  are  accumulated  in  proportion  to  the  distance  from  the  out 
let  tube  (Figure  16).  It  may  be  noticed  that  the  content  of  colloids 
increased  remarkably  with  distance  from  the  outlet. 

SETTLING  TEST  ESTIMATION  OF  EFFLUENT  CONCENTRATION 

Based  on  the  findings  of  this  study,  we  determined  a  simplified  method 
for  the  estimation  and  management  of  effluent  SS  concentration. 

Relation  Between  Overflow 
Rate  and  Effluent  Concentration 


Overflow  rate  is  one 
tation  basin  in  the  field 


of  the  most  important  indices  in  an  ideal  sedimen- 
of  water  and  wastewater  works.  Overflow  rate 
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Figure  16.  Grain-size  distributions  with 
distance  from  the  outlet  tube 

is  expressed  as  the  dimensional  quantity  Q/A  where  Q  is  the  influent  load 
ing  rate  and  A  is  the  surface  area  of  the  sedimentation  basin.  An  ideal 
sedimentation  basin  is  shown  in  Figure  17  based  on  basic  assumptions,  as 
foil ows : 

a.  Fluid  flows  only  in  the  horizontal  direction  and  has  an  equal 
velocity  at  all  points. 

b.  Concentration  of  suspended  solids  is  the  same  at  all  depths. 

c.  The  particles,  once  settled  on  the  bottom,  are  not  resuspended. 

Overflow  rate  is  the  rate  of  climb  when  fluid  springs  with  uniform  veloc 
ity  from  the  entire  floor;  therefore  all  particles  having  a  faster  settling 
velocity  than  this  spring  velocity  Q/A  will  be  settled.  This  is  a  reason¬ 
able  explanation  if  the  basin  has  sufficient  depth,  but  there  is  a  limit  in 
depth  to  adapt  this  assumption  due  to  deflection  or  scouring  effects.  From 
the  authors'  experience,  this  ]imit  is  applicable  up  to  about  50  cm  in  depth, 
at  about  1  to  3  hr  of  detention. 

Overflow  depths  are  usually  designed  to  be  10  to  15  cm  in  actual  reclama 
tion  works.  At  a  point  10  cm  below  the  water  surface,  in  front  of  the  spill¬ 
way,  after  t  sec  from  dredged  material  propagation,  the  particles  having  a 
settling  velocity  greater  than  10/t  cm/sec  would  be  deeper  than  10  cm  below 
the  water  surface.  If  the  basin  around  the  spillway  in  the  containment  area 
is  assumed  to  be  an  ideal  sedimentation  basin,  10  cm  divided  hv  the  time  t 


Figure  17.  Schematic  diagram  of  an  ideal 
sedimentation  basin 

corresponds  to  an  overflow  rate  of  Q/A  .  Based  on  this  point  of  view,  we 
carried  out  a  settling  test  and  examined  the  method  of  estimation  of  the 
effluent  concentration. 


Test  Equipment 


* 

l 

( 

i 
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The  settling  test  utilizes  a  transparent  cylinder  with  a  height  of  40  cm 
as  shown  in  Figure  18.  Two  cylinders,  60  mm  and  138  mm  in  diameter,  were  used 
to  study  the  effect  of  diameter.  The  sea  bottom  sediments  were  diluted  with 
artificial  seawater  to  the  specified  concentration  in  this  cylinder.  A  tur¬ 
bidimeter,  shown  in  Figure  19,  was  placed  10  cm  below  the  water  surface.  This 
turbidimeter  is  a  transmitted  light  type  using  a  luminous  diode,  and  can  mea¬ 
sure  up  to  3,000  caolinite  concentrations.  The  relation  between  SS  concen¬ 
tration  and  turbidity  has  been  investigated  previously;  therefore,  the  mea¬ 
sured  turbidity  values  were  translated  to  SS  concentrations  using  regression 
equations . 


Results  of  Test  and  Discussion 


The  purpose  of  this  cylinder  test  is  to  discuss  a  method  for  the  manage¬ 
ment  of  effluent  SS  concentration  from  the  relation  between  overflow  rate  Q/A 
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and  SS  residual  ratio  SS./SS  obtained  by  the  continuous  measurement  of 

i  o 

clarified  water  at  a  point  in  a  cylinder.  For  this  purpose,  it  is  important 
to  measure  SS  concentration  on  a  real-time  basis. 

Tested  sediments  were  sea  bottom  silty  clays  as  shown  in  Figure  12.  The 
relationship  between  SS  concentration  and  turbidity  shows  a  good  correlation 
as  shown  in  Figure  20.  Regression  equations  obtained  were  as  follows: 


0  <  Tb  <  150  mg/ £  :  SS  = 

1.51  T  -  5.5 

D 

CD 

150  <  Tl  :  SS  = 

b 

1 . 70T.  -  13  L 
b 

(2) 

Turbidity  (  ppm  ) 


Figure  20.  Relations  between  SS  concentration 
and  turbidity 

Based  on  a  slurry  content  of  the  pump  dredged  material  of  10  to  15  per¬ 
cent,  SS  concentrations  were  supposed  to  be  about  10,000  to  100,000  mg/£.  The 
field  investigations  and  model  tests  showed  that  the  effluent  SS  concentra¬ 
tions  in  the  spillway  became  much  lower  than  the  influent  concentration  due  to 
the  removal  of  the  sedimentation.  Accordingly,  tests  were  conducted  over  a 
wide  range  of  influent  concentrations,  as  shown  in  Table  4. 


TABLE  4.  RANGE  OF  INITIAL  SS  CONCENTRATIONS 
ON  CYLINDER  TESTS 


Case 

Initial  Concentration 
mg/  l 

1 

48,800 

2 

29,900 

3 

8,510 

4 

7,730 

5 

5,250 

6 

4,120 

7 

2,780 

8 

1,030 

9 

940 

10 

380 

Figure  21  shows  the  concentrations  after  8  min  for  typical  examples. 
When  the  initial  SS  concentration  was  48,800  mg/£,  zone  settling  can  be 
observed,  but  in  cases  when  SS  is  less  than  10,000  mg/£,  the  phenomenon  of 
zone  settling  is  not  observed. 


Figure  21.  Concentrations 
after  8  min  of 
settlement 
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From  Figure  22,  it  can  be  seen  that  the  clarified  water  SS  concentrations 
seem  to  be  nearly  equal  after  about  30  min  of  settlement.  A  good  correlation 
is  found  in  the  relation  between  SS  concentration  and  elapsed  time.  Regress¬ 
ion  equations  were  obtained  as  follows: 
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875t 


(3 


SSo  =  48,800  mg/2 
22,900  -  8,510 
7,730  -  379 


SS  = 


SS  =  1 , 610t 


SS  =  4 , 440t 


-0.664 


-0.841 


(4 

(5 


In  Equations  3  to  5,  the  regression  coefficient  a  of  the  equation 

SS  =  at^  indicates  virtual  suspended  solids  after  1  min  of  settlement 
(t  =  1)  and  the  greater  the  concentration,  the  smaller  the  value  of  a  . 


Time  (min) 

Figure  22.  Clarified  water  SS  concentration  at  10  cm 
below  water  surface  versus  time 

In  ordinary  pump  dredging  the  SS  concentration  of  the  dredged  mixture  is 
considered  to  be  about  10,000  mg/2,  the  dredged  mixture  settles  in  a  very 
short  time,  and  the  SS  concentration  is  less  than  10  percent  of  the  influent 
concentration.  Figure  23  shows  the  relationship  between  overflow  rate  Q/A  , 
which  is  obtained  as  (10/t),  and  SS  residual  ratio  (SS./SS  ),  where  t,  to 


Q/A  (m/hr) 

Figure  23.  Relations  between  overflow  rate  Q/A  , 

which  is  obtained  as  (10/t),  and  SS 

residual  ratio  SS./SS 
1  o 

t.  is  the  elapsed  time  and  SS .  is  the  concentration  at  each  time.  These 
1  l 

relationships  have  a  significant  influence  on  the  initial  concentration — the 
greater  the  initial  concentration,  the  smaller  the  residual  ratio  becomes. 
These  curves  can  be  represented  by  regression  equations  in  the  form  given 
below: 

SS./SS  =  a(Q/A)b  O) 

i  o 

As  the  inclination  b  in  Equation  6  is  almost  identical,  they  can  be 
treated  as  essentially  straight  lines  on  a  logarithmic  graph  paper.  Thus,  an 
approximate  estimation  of  effluent  SS  concentration  on  reclamation  work  can  be 
performed  by  the  relation,  Q/A  -  SS^/SS^  as  shown  in  Figure  23  and  in  Hqua- 

ation  b ,  by  substituting  the  influent  loading  rate  0  ,  influent  SS  concen¬ 
tration  SS  ,  and  effective  area  A,  . 


Figure  24  shows  the  result  of  calculations  of  the  significant  differences 
in  the  residual  ratio  (during  10  to  1,000  min)  by  the  wholly  significant  dif¬ 
ference  method.  In  Figure  24,  the  symbols  a  through  g  represent  temporary 
group  names.  Groups  a  and  b  are  absolutely  different  from  each  other,  but 
group  c  is  not  recognized  to  be  different  from  group  cd.  In  Figure  24,  al¬ 
though  significant  differences  can  be  observed  in  the  case  of  different  ini¬ 
tial  concentrations  (ex.  Case  1,  Case  2),  there  is  no  difference  between  the 
case  of  a  small  cylinder  and  a  large  cylinder.  Therefore,  for  the  settling 
test,  we  concluded  that  it  is  sufficient  to  use  a  60-mm  diam-cylinder . 
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Figure  24.  Calculated  result  on  significant  dif¬ 
ference  of  the  SS  residual  ratio  by 
wholly  significant  difference  method 

CONCLUSIONS 

Various  findings  concerning  the  sedimentation  and  effluent  SS  concentra¬ 
tions  were  obtained  from  the  reclamation  work  by  pump  dredging  from  field  in¬ 
vestigations  and  a  model  test.  Based  on  these  findings,  a  simplified  method 
has  been  determined  for  the  estimation  of  effluent  SS  concentration.  Results 
were  as  foil ows : 


Sedimentation  and  Flow 
Pattern  of  Dredged  Mixture 


•  The  settling  velocity  of  particles  in  seawater  is  greater  than  in 
fresh  water  due  to  the  flocculation  of  negatively  charged  sediment 
particles  into  Mg-H-  or  Na+  in  seawater.  It  is  therefore  better  to 
apply  seawater  or  artificial  seawater  to  investigate  prototypes. 

•  Flow  patterns  of  the  dredged  mixture  are  considerably  affected  by  the 
sedimentation  of  large-sized  particles.  Smaller  particles  accumulate 
in  proportion  to  the  distance  from  the  outlet. 

•  Clarified  water  concentration  at  the  spillway  is  affected  by 
variations  in  the  flow  pattern. 

•  Water  content  at  50  cm  below  the  sedimentation  surface  was  200  to 
450  percent.  Test  results  indicate  that  the  water  content  on  sedi¬ 
mentation  during  consolidation  is  200  to  600  percent.  Hence,  the 
sedimentation  at  50  cm  below  the  sedimentation  surface  is  considered 
to  result  from  consolidation. 

•  There  are  significant  differences  in  the  water  content  and  the  grain- 
size  distributions  of  the  sedimentation  with  the  distance  from  the 
out  let . 

Estimation  of  Effluent 
Concentration  by  a  Cylinder  Test 

•  Zone  settling  can  be  observed  when  influent  concentrations  are  more 
than  10,000  mg/l,  but  in  the  case  of  an  initial  concentration  less 
than  10,000  mgM,  flocculent  settling  can  be  observed. 

•  The  clarified  water  SS  concentrations  become  nearly  equal  after  about 
30  min  of  settlement,  independent  of  the  initial  concentration. 

•  A  good  correlation  can  be  found  in  relationships  between  SS 
concentration  and  elapsed  time  as  follows: 


Coefficient  a  changes  with  the  initial  concentration. 

•  Relationships  between  overflow  rate  Q/A  and  SS  residual  ratio 
SS^/SS^  can  be  represented  by  the  regression  equations  in  the  form 

given  below: 

SS./SS  =  a(Q/A)b 
l  o 

The  regression  coefficient  a  also  changes  with  the  initial  concen¬ 
tration  SS  and  the  greater  the  SS  ,  the  smaller  the  value  of  a  . 
o  o 

•  The  diameter  of  the  cylinder  has  no  effect  on  the  settling  pattern  or 
the  clarified  water  SS  concentration  within  the  range  of  tested 
diameters . 
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ABSTRACT 

Contamination  of  sediments  in  Commencement  Bay  by 
toxic  pollutants  has  caused  considerable  concern  about 
degradation  of  marine  habitats,  induction  of  disease 
in  indigenous  organisms,  and  contamination  of  organism 
tissues.  The  approach  to  and  results  of  an  intensive 
2-year,  $2  million  investigation  are  presented.  The 
goals  of  the  investigation  were  to  determine  the 
extent  of  contamination,  determine  if  the  contamina¬ 
tion  resulted  in  adverse  effects  to  public  health  or 
the  environment,  identify  problem  contaminants  and 
their  sources,  and  identify  potential  remedial 
actions.  An  extensive  synoptic  data  set  was  obtained 
during  the  investigation.  These  chemical,  toxicity 
(bioassavs),  and  biological  effects  (benthic  community 
structure,  bioaccumulation,  fish  h istopathology )  indi¬ 
cators  were  used  along  with  historical  data  to  iden¬ 
tify  problem  areas  and  problem  contaminants.  Sources 
of  problem  contaminants  were  identified  to  the  extent 
possible  using  horizontal  and  vertical  patterns  of 
chemical  contamination,  available  source  loading 
data,  information  on  dredging  history,  knowledge  of 
environmental  fate  processes,  and  knowledge  of  past 
and  present  industrial  activities  in  the  area. 

Problem  areas,  problem  contaminants,  and  contaminant 
sources  were  prioritized  such  that  resources  could  be 
effectively  allocated  for  corrective  actions. 


INTRODUCTION 


Commencement  Bay  is  an  urban-industrial  embayment  in  south-central  Puget 
Sound  (Washington).  Urbanization  and  industrial  development  began  in  the  area 
during  the  final  quarter  of  the  19th  century.  Dredge  and  fill  activities  have 
transformed  the  broad  tideflat  that  once  existed  at  the  mouth  of  the  Puyallup 
River  into  a  series  of  industrialized  waterways  and  an  active  port  facility. 
Past  and  present  industrial  and  commercial  operations  located  in  the  area 
include  pulp  and  lumber,  ship  building,  metal  plating,  chlorine  and  other 
chemical  production,  aluminum  smelting,  oil  refining,  copper  smelting  and 
refining,  concrete  production,  food  processing,  shipping,  ship  dismantling, 
marinas,  scrap  yards,  railroads,  and  a  number  of  other  storage,  transporta¬ 
tion,  and  manufacturing  facilities. 

The  presence  of  these  operations  and  the  urban  growth  of  the  surrounding 
area  have  resulted  in  the  release  of  contaminants  into  the  marine  environment. 
The  contaminants  include  metals  (e.g.,  arsenic,  lead,  zinc,  copper,  and 
mercury)  and  organic  compounds  [e.g.,  polycholorinated  biphenyls  (PCB) , 
dibenzof urans ,  chlorinated  pesticides,  plasticizers  (pthalates) ,  and  poly¬ 
nuclear  aromatic  hydrocarbons  (PAH)].  Over  425  point  and  nonpoint  discharges 
have  been  identified  in  the  area,  each  of  which  is  a  potential  source  of 
contamination. 

Concern  about  the  potential  effects  of  sediment  contamination  in  Com¬ 
mencement  Bay  (e.g.,  toxicity  to  marine  life,  induction  of  disease  in  fish, 
and  potential  human  health  impacts  from  consumption  of  fish  and  shellfish) 
resulted  in  designation  of  the  area  as  a  National  Priorities  List  site  by  the 
US  Environmental  Protection  Agency  (EPA)  under  the  Comprehensive  Environmental 
Response,  Compensation,  and  Liability  Act.  In  April  1983,  the  Washington 
State  Department  of  Ecology  (WDOE)  and  the  EPA  entered  into  a  Cooperative 
Agreement.  EPA  provided  funds  for  the  investigation  and  WDOE  was  designated 
lead  agency. 

GOALS  AND  OBJECTIVES 

The  goals  of  the  investigation  were  to  determine  the  extent  of  contamina¬ 
tion,  determine  if  contamination  resulted  in  adverse  effects  to  public  health 
or  the  environment,  identify  problem  contaminants  and  their  sources,  and  iden¬ 
tify  potential  remedial  actions.  The  specific  objectives  set  were: 

a.  Define  a  problem  sediment. 

b.  Apply  definition  of  problem  sediment  to  delineate  problem  areas. 

c.  For  problem  areas,  determine  problem  chemicals. 

d.  For  problem  chemicals,  determine  problem  sources. 

e.  Prioritize  problem  areas,  problem  chemicals,  and  problem  sources. 

f.  Assess  impacts  of  fish  and  crab  consumption  on  human  health. 

g.  Document  alternative  methods  of  dredging,  handling,  and  disposing 
of  contaminated  sediments. 
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h.  Initiate  a  decisionmaking  framework  for  managing  the  disposal  of 
contaminated  sediments. 

i. .  Identify  potential  remedial  alternatives. 

This  paper  will  deal  mainly  with  objectives  a  through  e.  Discussion  and 
results  of  objective  £  through  i  may  be  found  in  Tetra  Tech  (1985),  US  Army 
Engineer  District,  Seattle  (1985),  US  Army  Engineer  Waterways  Experiment 
Station  (1985),  and  Versar,  Inc.  (1985). 

APPROACH 

The  major  elements  of  the  decisionmaking  approach  developed  for  the 
investigation  are  presented  in  Figure  1.  The  first  step  in  the  process  was  to 
determine  the  types  of  information  needed  to  best  meet  the  objectives  of  the 
project  (i.e.,  determine  problem  areas,  problem  chemicals,  problem  sources, 
and  a  means  of  ranking  these  in  priority  order).  Because  definitive  cause- 
effect  information  and  sediment  quality  criteria  were  not  available  for  the 
marine  environment,  it  was  necessary  to  collect  information  on  both  chemistry 
and  biological  effects.  The  indicators  chosen  were  chemical  analyses  of 
sediments,  toxicity  tests  of  field-collected  sediments  (i.e.,  amphipod  bio¬ 
assays  as  a  lethal  indicator  and  oyster  larvae  bioassays  as  a  sublethal  indi¬ 
cator),  bioaccumulation  of  contaminants  in  English  sole  ( larophrys  vetulus) 
and  cancrid  crabs,  and  biological  effects  (i.e.,  alterations  of  benthic 
invertebrate  assemblages  and  prevalences  of  liver  lesions  in  English  sole). 
Ancillary  information  determined  necessary  included  physical  characteristics 
of  the  sediments  (e.g.,  grain  size),  organic  content  of  the  sediments,  and  a 
measure  of  the  oxidation  state  of  the  sediments.  Chemical  analysis  of  water 
column  particulates  was  also  determined  to  be  useful  in  making  judgments  on 
contaminant  movement  in  the  project  area. 

The  next  step  in  the  process  was  to  review  and  evaluate  the  existing 
data  base.  A  sampling  and  analysis  plan  was  then  developed.  Stations  were 
located  to  fill  gaps  in  the  historical  data  base,  to  define  more  precisely 
areas  of  known  contamination,  and  to  evaluate  gradients  of  contamination  and 
effects  relative  to  suspected  sources  of  contamination. 

A  project  reference  area  was  selected  so  that  Commencement  Bay  data  could 
be  compared  with  data  from  an  embayment  judged  to  have  relatively  uncontam¬ 
inated  sediments.  The  project  reference  area  is  distant  from  the  industria¬ 
lized  areas  of  Puget  Sound.  Concentrations  of  chemicals  in  the  sediments 
sampled  from  the  project  reference  area  were  comparable  or  lower  than  those  in 
other  Puget  Sound  reference  areas. 

The  sampling  plan  was  implemented  by  an  intensive  field  survey.  Results 
of  the  field  survey  were  used  to  characterize  the  project  area  (Figure  2)  on 
several  degrees  of  spatial  resolution: 

a.  Overall  project  area. 

b.  Study  areas  (the  eight  waterways  and  the  Ruston-Point  Defiance 
shore  1 ine) . 

c.  Problem  areas  (area  within  segments  determined  to  be  a  problem). 
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Sediment  contamination,  toxicity,  hionccumu  I  a  t  i  i.-n ,  ,r  •  •  ■  ■  .  • 

were  described  by  establishing  an  index  for  each  env  i  roim*-:  f  i  ■ 

indicator  investigated,  calculating  "elevations  above  refer,  -v,  ' 
each  indicator,  and  testing  each  F.AR  for  sign  it  icance.  FAP  are  •  <t  :  •  *  •  . 

indicator  variable  at  a  Commencement  Bay  area  and  at  the  n  terete  •  .  t.  .  •  r 

example,  an  EAR  =  5  indicates  that  the  variable  was  live  times  hi^tier  :  t.  t - 
mencement  Bay  than  in  the  reference  area.  For  toxic  i  tv,  hintu  t mnul.it  i"r,  an! 
biological  effects,  a  significant  F.AR  was  one  tli.it  was  s  t  a  t  i  s  t  i  c  a  :  1  v  d;::.-rent 
(P  <  0.05)  from  the  project  reference  area  (except  for  benthic  alterations 
within  the  waterways,  where  Blair  Waterway  was  used  in  lieu  of  the  project 
reference  area).  For  sediment  chemistry,  the  FAR  was  determined  to  he  signif¬ 
icant  if  the  contaminant  value  exceeded  the  maximum  value  in  anv  oi  several 
reference  areas  throughout  Puget  Sound. 

In  addition  to  characterization  of  the  project  area  as  described  above, 
results  of  the  field  survey  were  also  used  to  develop  quantitative  relation¬ 
ships  among  sediment  contamination,  toxicity,  and  biological  effects.  These 
analyses  were  conducted  primarily  to  determine  levels  of  sediment  contamina¬ 
tion  above  which  significant  toxicity  or  biological  effects  would  be  expected 
to  occur,  and  to  identify  contaminants  suspected  of  causing  the  observed 
effects.  Results  of  the  quantitative  relationships  analyses  were  used  to  help 
define  boundaries  of  problem  areas  and  to  identify  potential  problem 
chemicals . 

EAR  for  study  areas  and  segments  were  assembled  into  action  assessment 
matrices.  These  matrices  display  the  indices  (EAR)  for  each  environmental 
variable  or  indicator  for  each  study  area  or  segment  under  consideration. 

Also  displayed  is  whether  the  EAR  is  significant  or  not  significant  and  the 
reference  value  from  which  the  EAR  was  determined.  Action  level  guidelines 
were  then  applied  to  identify  study  areas  and  segments  of  concern.  The 
action  level  guidelines  defined  the  minimum  levels  and  specific  combination  of 
environmental  indicators  required  before  problem  area  definition  could  pro¬ 
ceed.  This  threshold  for  action  was  always  exceeded  if  at  least  three  of  the 
five  indicators  of  sediment  contamination,  toxicity,  and  biological  effects 
were  determined  to  be  significantly  elevated  above  reference  conditions  in  an 
area.  Each  study  area  or  segment  of  concern  included  either  a  problem  area 
that  extended  over  most  of  the  study  area  or  segment,  or  a  "hot  spot"  of  major 
significance  within  the  study  area  or  segment. 

After  areas  of  concern  were  defined,  problem  areas  were  identified,  and 
their  spatial  extents  were  determined.  Problem  area  definition  incorporated 
all  available  data,  including  historical  data  and  use  of  results  of  the 
quantitative  relationships  among  indicators  developed  as  part  of  the  present 
study.  Problem  areas  were  then  ranked  according  to  their  most  extreme  levels 
of  contamination,  toxicity,  and  biological  effects.  Priority  for  evaluation 
of  potential  sources  of  contamination  was  based  on  this  ranking.  Potential 
problem  chemicals  were  also  identified  and  ranked  at  this  point. 

After  problem  areas  and  potential  problem  chemicals  were  identified  and 
ranked,  potential  sources  of  contamination  were  evaluated.  Final  prioritiza¬ 
tion  of  problem  areas  recommended  for  remedial  action  was  then  determined  on 
the  basis  of  the  relative  magnitude  of  problems  in  each  area,  the  spatial 
extent  of  each  area,  and  the  level  of  confidence  that  sources  of  potential 
problem  chemicals  were  accurately  identified. 
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The  efforts  of  source  identification  integrated  a  large  data  base  on 
potential  contaminant  sources,  observed  contaminant  levels  in  water  and 
sediment,  and  ancillary  information.  Some  of  the  most  valuable  information 
utilized  in  source  identification  included: 

a.  Spatial  gradients  of  contamination  in  surficial  sediments. 

b.  Vertical  gradients  of  contamination  in  sediment  cores. 

c.  Analyses  for  the  contaminant (s)  in  discharges. 

d.  Dredging  history. 

e.  Environmental  fate  processes. 

£.  Industrial  activities. 

APPLICATION  OF  APPROACH  AND  RESULTS 
Action  Assessment  Matrices 

An  example  of  an  action  assessment  matrix  is  shown  in  Table  1.  These 
matrices  were  prepared  on  both  a  waterway  (area)  basis  and  on  a  segment  basis 
in  which  major  waterways  were  divided  into  three  to  five  smaller  areas.  The 
matrices  display  the  magnitude  of  the  indicators  (elevations  above  reference) 
and  whether  or  not  the  EAR  value  is  significantly  different  from  reference. 
Reference  values  are  also  displayed  so  that  absolute  values  of  indicators  may 
be  determined.  The  indicators  are: 

a.  Sediment  chemistry 

Selected  metals  and  organic  compounds 

b.  Sediment  toxicity 

Amphipod  bioassay 
Oyster  larvae  bioassay 

c.  Benthic  infauna 

Total  benthos  abundance 
Polychaete  abundance 
-  Mollusc  abundance 

Crustacean  abundance 

d.  Fish  pathology 

Hepatic  neoplasms,  preneoplastic  nodules,  megalocytic 
hepatosis,  nuclear  pleomorphism 

e.  Fish  bioaccumulation 

Selected  metals  and  organic  compounds 

In  all  Commencement  Bay  study  areas,  average  concentrations  of  one  or 
more  chemicals  exceeded  the  range  of  concentrations  found  in  Puget  Sound 
reference  sediments  (Table  1).  However,  surface  sediment  contamination 
throughout  Commencement  Bay  was  variable  both  in  concent  rat  ion  and  composi¬ 
tion.  Lowest  concentrations  of  chemicals  were  found  in  Blair  and  Milwaukee 


TABLE  1.  ACTION  ASSESSMENT  MATRIX  OF  SEDIMENT  CONTAMINATION, 
SEDIMENT  TOXICITY,  AND  BIOLOGICAL  EFFECTS  INDICES 
FOR  COMMENCEMENT  BAY  STUDY  AREAS 


STUOT  AREA  ELEVATIONS* * 


VARIABLE 


Hylebos  Blair  Slteian  Milwaukee  St.  Raul  Middle  City 


Kuston 


SEDIMENT  CHEMISTRY 

Sb 

As 

Cd 

Cu*Pb*Zn 

HO 

N1 

Phenol 

Pentachlorophenol 

LPAH 

HPAH 

Chlor.  benzenes 
Chlor.  butadienes 
Phthalates 
PCBs 


4.0 

8.0 

~ m 

li. 

1.9 

2.8 

4.8 

24. 

<  3.7 

5.0 

0.7 

0.6 

<  5.2 

4.3 

<  2.3 

<  2.1 

<28. 

<68. 

<42. 

<65. 

<  «.« 

03 
<  2.6 
mm 


3.6 

4.2 

3.6 

2.2 

1.7 

1.7 

1  J.3  1 

5.5 

3.8 

5.1 

0.8 

0.8 

mm  i 

i  12.  1 

<  Mo 

U  1.9 

<60. 

<73. 

<68. 

<27. 

4-Nethylphenol 

<7.3 

<12. 

10. 

Benzyl  alcohol 

5.0 

<  2.2 

2.4 

Benzoic  acid 

077 

<  3.2 

<  0.5 

Olbenzofuran 

29^ 

25. 

Hi trosod Ipheny 1  amine 

2.1 

<  2.4 

<  7.3 

Tetrachloroethene 

12. 

U  1.0 

13. 

1300. 

3.4 

<  6.7 

-Six 


EE 


U  1.0 


_iL_ 


U  1.2 
U  1.0 


SEDIMENT  TOIIC ITT 


INFAUNAL 

Total  benthos 
Polychaetes 
Molluscs 
Crustaceans 

FISH  PATHOLOCY 
lesion  prevalence 

FISH  BIOACCIMULATION 
Copper 
Mercury 


1.2 

0.6 

QZ 

ITT 


l.o 

1.0 

1.0 

1.0 


0.7 

0.4 


pzd  rr*) 


5.6 


rrn 

w 


1.0 

0.93 

0.41 


3.5 


I  4,0  | 
0.B0 
0.33 


0.6 

0.7 

1.1 

0.4 


1.9 

1.5 

r~o~ 


1.5 

0.7 


1.0 


5.4 

4.6 


ODG 


2.3 

1.6 


2.7  1  5.7 


4JJ 

0.76 

0.19 


1.0 

1.3 

0.19 


U  1.0 


Amphlpod  bioassay 

2.1 

1.9 

r  2.9  1 

(  2-«  I 

1  4.8  1 

1.4 

Oyster  bioassay 

2.2 

fTT) 

1.3 

1.4 

3.4 

l.B 

Ml 

0.7 

0.8 


Phthalates 

rjmm 

|1B| 

mwm 

6.7 

PCBs* 

nn 

D| 

■SI 

DOE 

nil 

m 

3.3  3.4  1.7  1.7 

Ml 

3.9 

TT 


TTz 


1.7 


3.8 

0.82 

4.1 


0.6 

0.5 

1.2 

0.7 


2.1 


0.96 

0.19 

5.6 

1.9 

2.9 


REFERENCE 
VALUE  b 


110.  ppb 
3370.  ppb 
950.  ppb 
35000.  ppb 
40.  ppb 
1740.  ppb 

<  33  ppb 
U  33 .  ppb 

<  41.  ppb 

<  79.  ppb 
U  21.  ppb 
U  62.  ppb 

<  280.  ppb 

<  6.0  ppb 


<  13.  ppb 
U  10.  ppb 

<  1 40 .  ppb 
U  3.7  ppb 
U  4.1  ppb 
U  10.  ppb 


9.3  X 
13.0  I 


6.7  X 


U  38. 
U  55. 

<  54. 

<  74. 

<  36. 


PPb 
ppb 
ppb 
ppb 
PDb 
<  1.8  ppb 


*  Boxed  numbers  represent  elevations  of  chemical  concentrations  that  exceed  all  Puget  Sound  reference  area  values, 
and  statistically  significant  toxicity  and  biological  effects  at  the  P<0.05  significance  level  compared  with  reference 
conditions.  The  *U‘  qualifier  indicates  the  chemical  was  undetected  and  the  detection  limit  Is  shown.  The  ■<•  qualifier 
indicates  the  chemical  was  undetected  at  one  or  store  stations.  The  detection  limit  Is  used  In  the  calculations. 

^  Elevation  above  reference  (EAR)  values  shown  for  each  area  are  based  on  Carr  Inlet  reference  values  for  each  variable 
except  for  benthos  (see  footnote  d) . 

*  Infauna  EAR  are  based  on  the  elevation  In  biological  effects  represented  bv  reductions  in  Infaunal  abundances 
relative  to  reference  conditions.  EAR  for  all  other  variables  reflect  an  Increase  In  the  value  of  the  variable  at 
Commencement  Bay  conpared  with  reference  conditions. 

d  Different  benthic  reference  values  were  used  depending  on  sediment  grain  size. 


e  locations  where  PCI  concentrations  are  significantly  elevated  also  pose  a  significant  health  risk  to  the  exposed 
population . 


Waterways,  and  at  stations  located  in  deeper  waters  outside  of  the  waterways. 
Highest  chemical  concentrations  were  typically  found  adjacent  to  point  source 
discharges.  An  exception  was  PCBs,  which  displayed  a  more  patchy  distribution 
not  always  associated  with  a  particular  point  source.  Highest  PCB  concentra¬ 
tions  were  found  in  Hylebos  Waterway  [2,000  ug/kg  dry  weight  (I)W)  ] .  At  some 
stations,  concentrations  of  selected  chemicals  exceeded  reference  conditions 
by  several  orders  of  magnitude.  The  highest  concentration  of  PAH 
(35,000  Ug/kg  DW)  was  found  in  sediments  near  the  head  of  Hylebos  Waterway. 

At  the  mouth  of  the  same  waterway,  chlorinated  butadienes  were  found  at  con¬ 
centrations  up  to  65,000  Ug/kg  DW.  Concentrations  of  alkylated  phenols 
exceeded  96,000  ug/kg  DW  in  sediments  adjacent  to  the  main  outfall  of  a  pulp 
and  paper  mill  at  the  mouth  of  St.  Paul  Waterway.  Metals  contamination  was 
greatest  in  sediments  adjacent  to  the  main  outfalls  of  the  now  closed  ASARCO 
copper  smelter  on  the  Ruston-Pcint  Defiance  shoreline.  Maximum  concentrations 
of  four  metals  [arsenic  (12,000  mg/kg  DW) ,  antimony  (420  mg/kg  DW) ,  copper 
(14,000  mg/kg  DW) ,  and  mercury  (52  mg/kg  DW) ]  all  exceeded  1,000  times  refer¬ 
ence  conditions  in  these  sediments. 

As  is  indicated  in  Table  1,  there  are  also  distinct  differences  among  the 
study  areas  in  the  kinds  and  magnitudes  of  biological  effects.  Lowest  sedi¬ 
ment  toxicity  and  effects  on  infauna  were  observed  in  Blair  and  Milwaukee 
Waterways.  Overall,  the  waterway  benthic  assemblages  were  dominated  by  high 
abundances  of  polychaetes.  However,  areas  of  extreme  biological  effects 
(i.e.,  almost  100-percent  response  in  bioassays  or  nearly  complete  absence  of 
benthic  infauna)  were  found  in  isolated  areas  adjacent  to  industrial  facili¬ 
ties  near  the  mouth  of  St.  Paul  Waterway  and  along  the  Ruston-Point  Defiance 
shoreline.  English  sole  from  five  of  the  eight  study  areas  had  significantly 
elevated  prevalences  of  one  or  more  serious  liver  lesions.  The  highest  liver 
lesion  prevalence  of  about  40  percent  was  measured  in  Middle  Waterway  (com¬ 
pared  with  6.7  percent  in  the  reference  area).  Relatively  few  of  the  sediment 
contaminants  detected  in  Commencement  Bay  were  measured  at  elevated  concentra¬ 
tions  in  English  sole  muscle  tissue.  PCBs  were  detected  in  most  fish  tissue 
samples  and  were  measured  at  highest  concentrations  (approximately  10  times 
reference)  in  City  and  Hylebos  Waterways.  PCBs  were  also  the  contaminants  of 
greatest  concern  relative  to  potential  effects  on  human  health  from  seafood 
consumption . 

Problem  Chemicals 

Quantitative  relationships  among  the  independent  contaminant,  toxicity, 
and  biological  effects  variables  were  evaluated  to  meet  two  objectives: 

a.  Determine  levels  of  sediment  contamination  above  which  significant 
toxicity  or  biological  effects  would  be  expected. 

b.  Identify  problem  contaminants  from  the  numerous  contaminants 
detected  in  Commencement  Bay  sediments. 

Both  statistical  and  nons tat  is t ica 1  approaches  were  used  to  evaluate 
whether  toxicity  or  biological  effects  increased  with  increasing  sediment 
contaminant  concentrations.  In  this  study,  it  was  assumed  that  contaminants 
displaying  monoton i ca 1 1 y  increasing  relationships  with  toxic  or  biological 


effects  have  a  higher  relative  priority  (i.e.,  a  higher  potential  for  being  a 
causative  agent)  than  do  contaminants  displaying  no  discernible  relationship 
with  biological  effects. 

Where  synoptic  biological  and  chemical  data  were  collected,  significant 
toxicity  in  both  the  amphipod  mortality  and  oyster  larvae  abnormality  bio¬ 
assays  as  well  as  benthic  effects  (i.e.,  depressions  of  abundance  of  total 
taxa,  Polychaeta,  Mollusca,  or  Crustacea)  were  observed  at  all  but  one  station 
where  the  DW  concentration  of  at  least  one  contaminant  exceeded  1,000  times 
reference  conditions.  The  exception  was  at  one  station  where  trichlor inated 
butadiene  concentrations  were  nearly  2,000  times  reference  conditions,  but 
neither  bioassay  nor  any  benthic  effect  was  significant.  In  other  sediments 
without  significant  toxic  responses  or  benthic  effects,  concentrations  of 
organic  compounds  (other  than  chlorinated  butadienes)  ranged  from  1  to 
<400  times  reference  conditions,  and  concentrations  of  metals  were  <50  times 
reference  conditions. 

Sediment  toxicity  and  the  number  of  significant  benthic  effects  were 
highest  in  the  most  chemically  contaminated  study  areas.  Typically,  toxicity 
increased  and  abundances  of  major  taxa  decreased  with  increasing  concentra¬ 
tions  of  some  contaminants  over  the  entire  study  area.  A  common  characteris¬ 
tic  of  these  relationships  was  that  at  lower  chemical  concentrations,  there 
was  considerable  scatter  in  the  magnitude  of  sediment  toxicity  and  taxon 
abundances.  When  trends  were  observed,  the  minimum  toxicity  observed  at  a 
given  concentration  of  a  chemical  increased  and  the  maximum  abundances 
decreased  at  higher  contaminant  concentrations.  When  data  from  all  study 
areas  were  plotted  together  for  a  given  contaminant,  there  was  no  clear  trend 
in  the  values  of  maximum  toxicity  or  minimum  abundances  over  the  concentration 
range  of  the  contaminant.  Thus,  it  is  concluded  that  no  one  contaminant  or 
contaminant  group  correlated  with  the  effects  observed  in  all  areas. 

In  some  cases,  there  was  random  scatter  in  the  values  up  to  a  certain 
contaminant  concentration.  Above  that  concentration,  there  was  a  rapid  change 
to  uniformly  high  toxicity  or  low  abundances  at  the  few  most  contaminated 
sites.  If  the  high  contaminant  levels  were  associated  with  the  effects 
observed,  the  abrupt  change  in  the  scatter  suggested  an  "effect  threshold"  for 
the  contaminant. 

The  synoptic  chemical,  toxicity,  and  benthic  infaunal  data  for  52  Com¬ 
mencement  Bay  stations  were  examined  for  each  contaminant  of  concern  to  evalu¬ 
ate  effect  thresholds.  An  example  of  this  approach  using  lead  data  is  shown 
in  Figure  3.  In  this  case,  the  available  data  indicated  that  significant 
toxicity  or  benthic  effects  did  not  occur  when  sediment  lead  concentrations 
were  below  11  mg/kg  DW  (F.AR  =  1.2).  This  level  defined  a  "potential  effect 
threshold."  This  threshold  was  termed  "potential"  because  toxicity  or  benthic 
effects  were  found  at  some,  but  not  all,  of  the  stations  with  higher  lead 
concentrations.  The  effects  observed  at  these  stations  could  have  resulted 
from  other  contaminants  or  conditions. 

Toxicity  "apparent  effect  threshold"  (AFT)  was  defined  as  the  lowest 
contaminant  concentration  above  which  significant  toxicity  was  observed  at  all 
stations.  An  analogous  benthic  AFT  was  defined  as  the  lowest  contaminant 
concentration  above  which  significant  benthic  effects  occurred  at  all  sta¬ 
tions.  For  lead,  the  toxicity  AFT  was  f-60  mg/kg  DW  (FAR  =  72)  and  the 
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benthic  AET  was  300  rag/kg  DW  (EAR  =  33)  (Figure  3).  The  effect  thresholds 
were  termed  "apparent"  because  significant  toxicity  or  benthic  effects  were 
not  found  at  some  stations  with  equal  or  lower  lead  concentrations,  while 
significant  sediment  toxicity  or  benthic  effects  were  found  at  all  stations 
with  higher  concentrations.  These  empirical  relationships  do  not  prove  that 
contaminants  found  above  an  AET  were  responsible  for  the  observed  toxicity  or 
benthic  effects.  However,  within  the  limits  of  this  data  set,  chemicals 
present  above  these  concentrations  were  associated  exclusively  with  problem 
sediments  having  significant  toxicity  or  depressed  benthic  infaunal  abundances 
(or  both).  Because  of  this  association,  all  chemicals  present  above  toxicity 
or  benthic  AET  were  defined  as  problem  chemicals  requiring  further  evaluation. 

The  approach  shown  in  Figure  3  was  used  to  identify  toxicity  and  benthic 
AET  for  all  chemicals  of  concern.  AET  expressed  on  a  DW  basis  are  summarized 
for  metals,  organic  compounds,  and  conventional  sediment  variables  in  Table  2. 

AET  were  exceeded  by  a  number  of  chemicals  at  most  of  the  29  stations 
exhibiting  statistically  significant  biological  effects.  All  6  of  the 
29  stations  where  neither  AET  was  exceeded  were  unusual  in  that  only  one  of 
the  biological  indicators  showed  a  response.  Most  of  these  six  stations 
exhibited  toxicity  by  the  amphipod  bioassay  only,  and  the  toxicity  may  have 
been  related  to  the  high  percentage  of  fine-grained  material  (>80  percent)  at 
each  station.  The  difference  in  thresholds  for  toxicity  and  benthic  effects 
for  several  chemicals  suggests  that  both  bioassays  were  more  sensitive  to 
organic  compound  contamination,  and  that  benthic  infauna  depressions  were  more 
sensitive  to  metals  contamination. 

AET  were  also  calculated  for  normalizations  to  organic  carbon  and  percent 
fine-grained  material.  For  most  sediments  with  multiple  toxicity  and  benthic 
effects,  chemicals  exceeded  an  AET  regardless  of  normalization. 

Gradients  of  effects  were  analyzed  for  study  areas  having  a  sufficient 
number  of  stations  with  biological  measurements  to  allow  such  analyses.  Five 
such  areas  were  analyzed.  Strong  relationships  were  observed  for  a  few  chemi¬ 
cals  that  were  present  at  concentrations  above  an  AET.  Exposure-response 
relationships  were  found  at  selected  sites  for  the  following  chemicals:  PCBs , 
4-methylphenol ,  PAH,  mercury,  lead,  zinc,  and  arsenic. 

Problem  chemicals  are  defined  as  those  exceeding  an  AET.  Problem 
chemicals  were  further  prioritized  into  three  categories: 

a.  Priority  1  -  Present  above  an  AET,  with  distribution  corresponding  to 
observed  toxicity  or  benthic  effects  gradients. 

b.  Priority  2  -  Present  above  an  AET  at  more  than  one  station  in  the 
problem  area,  with  no  apparent  relationship  to  toxicity  or  benthic 
effects  gradients,  or  insufficient  effects  data  were  available  for 
evaluation  of  gradients. 


TABLE  2. 


APPARENT  EFFECT  THRESHOLDS  (AET)  FOR  SEDIMENT 
CONTAMINANTS  AND  CONVENTIONAL  VARIABLES 


Metals 


Toxicity, 
AET,  me/kg  DW 


Benthic  Effects, 
AET,  mg/kg  DW 


Antimony 

5.3 

3.  1 

Arsenic 

93 

85 

Cadmium 

5.8 

5.8 

Copper 

310 

310 

Lead 

660 

300 

Mercury 

0.59 

0.52 

Nickel 

39 

39 

Zinc 

490 

260 

Toxicity , 

Benthic  Effects 

Organic  Compounds 

AET,  ug/kg  DW 

AET,  pg/kg  DW 

Phenol 

420 

1,200 

2-methylphenol 

63 

72 

4-methylphenol 

670 

670 

LMW  aromatic  hydrocarbons 

5,200 

5,200 

HMW  aromatic  hydrocarbons 

12,000 

17,000 

Chlorinated  ben2enes 

270 

400 

Chlorinated  butadienes* 

>47,000 

>47,000 

Total  phthalates 

3,400 

5,200 

Total  PCBs 

420 

1,100 

Benzyl  alcohol 

130 

130 

Dibenzofuran 

540 

540 

n-Nitrosodiphenylamine 

28 

28 

Tetrachlorethene 

140 

140 

Ethylbenzene 

37 

37 

Total  xylenes 

120 

120 

Conventional  Variables 

Toxicity,  AET 

Benthic,  AET 

Priority  3  -  Present  above  an  AET  at  only  one  station  within  the 
problem  area. 


c . 


Priority  of  Problem  Areas 

After  source  evaluations  (which  are  not  presented  in  this  paper  but  may 
be  found  in  Tetra  Tech  (1985)),  problem  areas  were  ranked  so  that  resources 
could  be  effectively  allocated  to  remedial  actions.  The  ranking  was  based  on 
a  quantitative  evaluation  of: 

a.  The  environmental  hazard  indicated  by  the  problem  area 
contamination,  toxicity,  and  biological  effects. 

b.  The  spatial  extent  of  each  problem  area. 

£.  The  confidence  that  sources  of  problem  chemicals  in  each  problem 
area  had  been  accurately  identified. 

The  spatial  extent  and  general  priority  for  source  evaluation  of  all 
problem  areas  identified  in  Commencement  Bay  are  summarized  in  Figure  4.  At 
the  highest  priority  sites,  all  three  site-specific  indicators  were  signifi¬ 
cant.  Of  the  twenty-one  problem  areas,  eight  received  the  highest  priority 
for  source  evaluation,  including  three  within  Hylebos  Waterway,  two  within 
City  Waterway,  one  within  Sitcum  Waterway,  one  within  St.  Paul  Waterway,  and 
one  along  the  Ruston-Point  Defiance  shoreline.  The  second  priority  sites  are 
"hot  spots"  where  chemical  contaminants  exceeded  an  AET,  and  both  bioassays 
were  significant  or  multiple  benthic  depressions  were  observed  within  the 
problem  area.  Four  problem  areas  received  second  priority  for  source  evalua¬ 
tion,  including  one  within  each  of  Hylebos,  Middle,  and  City  Waterways,  and  at 
a  single  station  along  the  Ruston-Point  Defiance  shoreline.  Third  priority 
sites  include  those  where  chemical  contaminants  exceeded  an  AET,  and  one  of 
the  bioassays  was  significant  or  a  single  benthic  taxon  was  significantly 
depressed.  The  lowest  priority  sites  for  source  evaluation  include  those 
areas  where  no  sediment  toxicity  or  benthic  effects  were  observed,  but  where 
AET  applied  to  available  chemical  data  suggested  that  toxicity  or  benthic 
effects  would  have  been  found  had  biological  data  been  collected. 

CONCLUSIONS 

The  complex  task  of  dealing  with  chemical  contamination  of  sediments  is 
complicated  by  the  lack  of  criteria  for  sediments  and  the  lack  of  scientific 
cause-effect  relationships  between  chemical  contamination  and  effects  on 
marine  biota.  The  approach  used  for  the  Commencement  Bay  project  was  success¬ 
ful  in  defining  problem  areas  and  potential  problem  chemicals.  Determination 
of  problem  sources  was  partially  successful.  The  approach  also  generated  a 
starting  point  for  development  of  numerical  sediment  criteria,  i.e.,  the 
"apparent  effects  thresholds." 


SECOND  PRIORITY  PROBLEM  AREAS 


Commencement  Bay  problem  areas  (Continued) 
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CONTAMINANT  MOBILITY  AND  ENGINEERING  DESIGN 
AT  A  NEARSHORE  CONFINED  DISPOSAL  SITE- 
PORT  OF  SEATTLE  TERMINAL  91  SHORT  FILL 


Douglas  A.  Hotchkiss,  Wade  W.  Watson 
Port  of  Seattle 
PO  Box  1209 

Seattle,  Washington  98 111 


ABSTRACT 

Though  the  use  of  a  slip  fill  as  a  containment 
site  for  mildly  contaminated  dredged  material  disposal 
is  not  unprecedented,  the  agreements  between  the  Port 
of  Seattle  and  the  regulatory  agencies  concerning  the 
long-range  monitoring  and  the  remedial  actions  plan 
are  unique.  The  Port  of  Seattle's  Terminal  91  Short 
Fill  must  serve  a  dual  purpose.  The  fill  provides  the 
additional  Terminal  91  area  required  by  the  major 
tenant.  The  fill  also  serves  as  a  disposal  site  for 
mildly  contaminated  dredged  material  unsuitable  for 
open-water  disposal  from  other  Port  terminal  expansion 
projects.  Both  goals  are  complicated  by  the  existing 
elevated  street  structure  across  the  head  end  of  the 
slip,  which  has  necessitated  a  berm  at  both  ends  of 
this  slip  fill.  As  a  result  a  pond  is  created  between 
the  new  fill  and  the  old  end  of  the  slip.  The  Port's 
preferred  construction  option  is  disposal  of  mechani¬ 
cally  dredged  sediments  behind  berms  of  clean  struc¬ 
tural  grade,  well  sorted,  sandy  gravel.  This  will 
contain  the  sediments  while  allowing  dewatering  of  the 
dredged  material  through  the  relatively  permeable 
berms . 

The  Port  was  initially  faced  with  regulatory 
agencies  unable  to  appraise  the  Port's  preferred  con¬ 
struction  option  in  light  of  heightened  concern  over 
Puget  Sound  and  the  lack  of  field  data  on  contaminant 
mobility  in  nearshore  disposal  sites.  A  researchlike 
approach  was  worked  out  where  the  Port  did  an  exten¬ 
sive  computer  model  analysis  necessary  to  apply  the 
existing  information  to  the  particulars  of  the  Termi¬ 
nal  91  site.  After  this  showed  the  option  acceptable, 
the  Port,  in  coordination  with  the  regulatory  agen¬ 
cies,  designed  the  Criteria,  Thresholds,  Monitoring, 
and  Remedial  Actions  Plan.  In  addition  to  the  moni¬ 
toring,  the  Plan  defines  the  criteria  under  which 
containment  will  be  judged,  the  trigger  thresholds, 
and  the  remedial  actions  to  be  taken  if  the  site  does 
not  perform  as  designed  and  modeled.  This  Plan  will, 
through  extensive  monitoring,  study  the  effectiveness 


of  the  fill  at  minimizing  contaminant  mobility.  It 
will  verify  the  preproject  modeling  and  reevaluate 
long-range  predictions.  This  example  provides  a  rea¬ 
sonable  approach  to  pursuing  a  project  when  faced  with 
environmental  concerns  and  a  lack  of  directly  appli¬ 
cable  data. 


INTRODUCTION 

The  project,  known  locally  as  the  Terminal  91  Short  Fill,  is  the  Port  of 
Seattle's  plan  to  combine  the  construction  of  additional  terminal  area  for  the 
major  tenant  (Nissan)  and  the  need  for  a  disposal  site  for  mildly  contaminated 
dredged  materials.  Terminal  91  is  a  mixed-use  terminal  owned  by  the  Port  of 
Seattle.  It  has  an  upland  area  of  approximately  100  acres  and  has  a  unique 
configuration  including  two  parallel  piers,  each  with  a  length  of  approxi¬ 
mately  one-half  mile  (Figure  1).  The  piers  have  an  earth-fill  central  core 
with  timber,  piling-supported  aprons  around  the  perimeter.  The  Short  Fill 
project  consists  of  an  approximate  5-surface-acre  earth  fill  at  the  north  end 
of  the  waterway  between  the  piers.  The  purpose  of  this  project  is  to  provide 
both  the  additional  space  at  Terminal  91  and  a  disposal  site  for  mildly  con¬ 
taminated  dredged  materials  from  other  terminal  expansions,  along  the  Duwamish 
Waterway. 

BACKGROUND 

Recent  history  of  dredged  material  disposal  in  Seattle  may  be  helpful  in 
understanding  the  project.  Dredging  at  the  Port  of  Seattle  has  been  done  pre¬ 
dominantly  as  a  part  of  terminal  construction.  This  dredging  has  been  neces¬ 
sary  to  provide  adequate  berth  depth  and  to  provide  structural  stability  along 
the  shoreline.  Maintenance  dredging  requirements  have  been  minimal.  Histori¬ 
cally,  dredged  materials  have  been  disposer  in  deep  water  in  Elliott  Bay,  or 
used  as  fill  in  terminal  construction.  In  recent  years  we  have  become  more 
concerned  with  the  water  quality  impacts  of  dredging.  Initially,  that  concern 
was  limited  to  water  column  effects  during  dredging  and  disposal.  We  moni¬ 
tored  dredging  and  disposal  operations  for  changes  in  water  quality  such  as 
pH,  dissolved  oxygen,  turbidity,  and  release  of  metals  and  polychlorinated 
biphenyls  (PCBs) .  We  did  not  detect  significant  degradation  of  the  existing 
water  quality  regulations  during  those  operations.  The  discovery  that  the 
beds  of  our  waterways  have  accumulated  chemical  contamination  has  led  to  in¬ 
creased  concern  for  proper  disposal  of  dredged  materials  and  the  long-term 
Impacts  involved.  The  sediment  contamination  is  caused  by  a  multitude  of 
sources  (industries,  highways,  farms,  and  residences)  and  carried  to  the 
waterways  by  direct  discharge,  combined  sewer  overflow,  and  storm  runoff. 

When  we  proceed  with  construction  of  marine  facilities,  we  are  forced  to  deal 
with  these  mildly  contaminated  sediments.  A  major  difficulty  that  we  have 
encountered  is  that  there  are  no  generally  accepted  standards  for  proper  dis¬ 
posal  of  mildly  contaminated  dredged  materials.  We  have  experienced  a  rapid 
evolution  in  what  is  considered  acceptable  for  disposal  of  dredged  material. 
Less  than  4  years  ago  we  were  disposing  of  mildly  contaminated  dredged  mate¬ 
rials  within  a  shoreside  fill  with  little  chemical  testing  and  no  ongoing 
postdisposal  monitoring.  Today,  for  the  Terminal  91  Short  Fill,  we  are 
subjecting  the  proposed  dredged  materials  to  extensive  chemical  testing  and 
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predisposal,  site-specific  contaminant  mobility  analysis,  as  well  as  preparing 
the  substantial  monitoring  and  remedial  action  plan  which  is  the  subject  of 
the  second  portion  of  this  paper. 


ENGINEERING  DESIGN 


The  following  is  a  brief  description  of  the  engineering  and  construction 
of  the  Terminal  91  Short  Fill  (Figure  2).  Two  containment  berms  are  under 
construction  between  the  piers  at  each  end  of  the  fill.  The  berms  are  approx¬ 
imately  55  ft  high  (18  ft  above  mean  lower  low  water  (mllw))  and  are  con¬ 
structed  of  well-sorted  sandy  gravel  material.  The  slopes  are  2H:1V  and  are 
covered  with  riprap.  The  berms  are  constructed  in  lifts.  The  riprap  is 
placed  first  to  help  stabilize  the  sandy  gravel  material  that  is  then  depos¬ 
ited  in  the  lower  lifts  by  bottom  dump  barge. 


It  was  necessary  to  locate  the  north  berm  75  ft  south  of  the  elevated 
street  structure  at  the  head  end  of  the  slip  to  prevent  downdrag  on  piling 
which  supports  the  structure.  Consequently,  a  pond  will  be  created  which  will 
require  surface  aeration  and  possibly  mixing  to  prevent  stagnation.  The  south 
berm  will  be  constructed  initially  with  a  100-ft-wide  notch  in  the  center  down 
to  -6  ft  mllw.  This  will  allow  the  bottom  dump  barges  to  be  floated  between 
the  berms  for  disposal.  A  turbidity  curtain  is  to  be  drawn  across  the  notch 
during  the  disposal.  When  the  contaminated  fill  rises  to  within  4  ft  of  the 
notch  elevation,  the  notch  will  be  raised  to  +0  ft  mllw,  and  then  on  to  final 
grade  +18  ft  mllw.  This  will  minimize  the  loss  of  contaminants  by  overtopping 
due  to  the  surge  from  the  disposal.  All  of  the  mildly  contaminated  dredged 
material  placed  at  the  site  will  be  dredged  and  deposited  by  mechanical  means. 
After  the  contaminated  dredged  materials  are  placed  within  the  berms,  they 
will  be  capped  with  a  minimum  layer  of  10  ft  of  sandy  gravel  fill.  This  will 
serve  to  surcharge  the  fill  and  promote  dewatering  of  the  dredged  material 
prior  to  paving  the  surface  with  asphalt  concrete. 


CONTAMINANT  MOBILITY 


Original  Design 


The  proposed  design’s  ability  to  restrict  contaminant  mobility  was  based 
on  the  tendency  for  the  typical  contaminants  found  in  Duwamish  sediments  to 
remain  adsorbed  onto  the  sediments.  Therefore,  if  the  sediment  was  held  in 
place  by  the  well-sorted  sandy  gravel  berms,  so  would  the  bulk  of  the  contami¬ 
nants.  Secondarily,  the  negligible  leaching  expected  through  the  berm  should 
not  cause  any  water  quality  problems.  This  was  due  in  part  to  the  large  dilu¬ 
tion  factor  of  the  tide  flowing  in  and  out  of  the  berms.  These  ideas  were 
based  on  results  from  several  US  Army  Corps  of  Engineers  studies  and  our  own 
study  at  Terminal  105. 


The  previous  studies  that  addressed  leachate  and  contaminant  mobility 
were  primarily  those  from  the  Corps  of  Engineers  Dredged  Material  Research 
Program.  These  studies  (Brannon,  Plumb,  and  Smith  1978;  Chen  et  al.  1978; 
Hoeppel,  Myers,  and  Engler  1978;  Mang  et  al.  1978;  and  Yu  et  al.  1978)  indi¬ 
cated  that  with  adequate  control  of  the  solids  and  the  dilutions  expected  by 
tidal  mixing,  there  would  be  no  significant  impact  and  the  project  should  meet 
the  appropriate  water  quality  criteria. 
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WEST  SLIP 


view  of  Terminal 


The  Port  of  Seattle's  previous  study  (Port  of  Seattle  1985)  included  a 
preproject  survey  and  five  postproject  surveys  for  priority  pollutants  in  the 
surrounding  nearshore  uplands  disposal  site  of  mildly  contaminated  dredged 
material.  This  site  at  Terminal  105  was  a  pit  excavated  in  the  nearshore  up¬ 
lands  about  400  ft  from  the  Duwamish  Waterway.  Brakish  ground  water  at  the 
site  is  tidally  connected  with  the  adjoining  Duwamish  Waterway  through  the 
sandy  soils.  This  study  clearly  showed  the  initial  dewatering  stage  with  a 
small  pulse  of  metals  seen  in  the  monitoring  wells  during  the  first  few 
months.  The  organic  compounds  of  the  priority  pollutants  generally  showed  no 
movement  except  for  phenols  which  were  higher  in  the  downgradient  wells  during 
months  one  through  seven.  This  is  not  entirely  unexpected  due  to  the  mobility 
of  phenol  and  the  mildly  acid  (pH  6.1)  condition  of  the  Terminal  105  ground 
water.  It  was  concluded  from  this  field  study  that  disposal  in  partially  sat¬ 
urated,  tidally  connected  uplands  with  a  fresh  ground-water  head  "upstream" 
resulted  in  no  loss  of  contaminants  that  would  constitute  a  water  quality 
problem  in  the  adjacent  waterway. 

Climate  of  Concern 

More  recent  studies  in  Puget  Sound  have  been  focusing  on  the  mass  flux  of 
contaminants  and  the  "ultimate  fate"  of  contaminants  in  disposal  sites. 

Among  these  was  the  Metro  Toxicant  Protreatment  Planning  Study  (TPPS) 
(Municipality  of  Metropolitan  Seattle  1984)  which  looked  at  the  fate  and  mass 
flux  of  toxicants  in  Puget  Sound  as  a  system  and,  in  particular,  at  the  con¬ 
tribution  of  municipal  sewage  effluent  to  the  mass  budgets.  The  TPPS  brought 
to  the  forefront  the  realization  that,  due  to  its  glacier  carved  bathymetry 
with  a  shallow  inlet  sill,  Puget  Sound  has  restricted  flushing.  The  deeper 
sediments  become  the  final  sink  for  much  of  the  contaminant  load.  These  find¬ 
ings  led  to  concern  about  the  carrying  capacity  of  the  Puget  Sound  sediments 
and  to  the  development  of  new  contaminant  criteria  for  the  uncontained  open- 
water  disposal  of  dredged  materials,  and  greater  amounts  of  dredged  material 
requiring  contained  disposal. 

The  "ultimate  fate"  of  materials  placed  in  a  contained  disposal  site  was 
also  being  reviewed  by  the  Corps  of  Engineers'  work  (Javandel,  Doughty,  and 
Tsang  1984)  which  focused  on  dredging  as  a  means  of  disposal  for  the  Commence¬ 
ment  Bay  Superfund  site  (sediments) .  This  work  was  done  as  a  part  of  a  Super¬ 
fund  site  remedial  investigation  requiring  the  consideration  of  "ultimate 
fate."  Based  on  more  recent  studies  and  approaches,  the  conclusion  was  that 
dredged  material  kept  in  its  original  state,  saturated  and  anaerobic,  will 
have  maximum  retention  percent  of  contaminants.  If  unsaturated  and  oxy¬ 
genated,  it  will  lose  more  contaminants.  Contaminant  losses  are  proportional 
to  water  moving  through  the  system. 

Based  on  this  more  recent  information,  the  regulatory  agencies  have  re¬ 
quired  the  Port  to  provide  a  more  site-specific  study  of  the  ultimate  fate  of 
the  materials  to  be  disposed  of  in  the  Terminal  91  fill.  This  was  requested 
in  order  for  the  agencies  to  assess  the-  proposed  construction,  even  though  the 
analysis  of  the  sediments  scheduled  lor  disposal  at  the  site  showed  that  con¬ 
tamination  levels  were  well  below  hazardous  waste  classification  (I. .hie  11. 

As  a  result,  the  Port  contracted  for  a  modeling  study  (Hart -<  rowset  and  Asso¬ 
ciates,  Inc.,  and  L'RS  Corporation  1985)  to  combine  data  iron,  previous  <-tud  ie-, , 


TABLE  1.  CONTAMINANT  LEVELS  IN  TERMINAL  32  SEDIMENTS  FOR  DISPOSAL 


IN  TERMINAL  91  SHORT  FILL 

AND  OPEN  WATER* 

Contaminant 

Terminal  91 
Disposal 

Terminal  32  Sediments 
Failing  4-Mile 

Rock  Criteria 

Open  Water 
(4-Mile  Rock) 
Criteria 

Open-Water 
Disposal 
Terminal  32 
Sediments 
Passing  4-Mile 
Rock  Criteria 

Metals,  ppm 

As 

17.4 

+ 

3.3 

19 

3.7 

+ 

1.1 

Cd 

5.0 

2.9 

0.9 

0.68 

+ 

0.25 

Cu 

119.0 

+ 

48.  7 

115 

17.6 

+ 

7.2 

Pb 

88.1 

+ 

95.5 

158 

11.3 

+ 

15.5 

Hg 

1.0 

+ 

0.44 

1.4 

0.05 

± 

0.06 

Zn 

435.9 

+ 

244 

450 

39.  1 

+ 

11.3 

Organics,  ppb 

PCBs 

2,763 

+ 

2,498 

760 

5.9 

+ 

24 

DDTs 

72 

+ 

74 

9 

N.D 

. 

High  PAHs 

8,485 

+ 

7,206 

14,000 

292 

+ 

547 

Low  PAHs 

3,778 

+ 

3,620 

855 

236 

+ 

202 

*  Values  are  total  sediment  concentration,  reported  on  a  dry  weight  basis  and 
expressed  as  mean  ±  one  standard  deviation. 

sediment  chemistry,  chemical  theory,  site  permeability  information,  and 
ground-water  information.  The  goal  was  to  produce  site-specific  recommen¬ 
dations  for  the  design  and  monitoring  of  the  proposed  project. 

Mode  1 ing 

This  effort  was  conducted  in  three  interdependent  areas:  site  permeabil¬ 
ity,  two-dimensional  modeled  flow  rates,  and  final  predictions  of  the  concen¬ 
trations  of  contaminants  throughout  the  berm. 

Permeab i 1 ity 


The  permeability  study  (Hart-Crowser  and  Associates,  inc.  1983)  was  based 
on  previous  boring  logs,  existing  ground-water  wells,  and  laboratory  studies 
of  proposed  berm  structural  material.  The  in-plan  permeability  of  the 
dredged  material  fill  was  estimated  from  grain-sire  measurements  of  the  mate¬ 
rial.  This  study  (Figure  3)  showed  solid  filled  existing  piers  with  approxi¬ 
mately  1 0  ft  of  slightly  more  porous  recent  hvdraulie  til!  over Iving  relic 
s' Itv  sands,  which  are  also  the  floor  of  the  slip. 


Simplification  for 

Generalized  N-S  Profile  throuch  Berms  and  Dredged  Material  for  2-D  Numerical  Model  1-D  Analytical  Model 


HART  CROWSfR  &  associates  me 


The  ground  water  inland  from  the  head  end  of  the  slip,  though  being  4  ft 
above  mean  tide  (+6.6),  was  found  to  be  only  minimally  connected  to  the  tides. 
Approximately  2  percent  of  the  measured  tidal  movement  was  reflected  in  the 
ground  water. 

The  permeability  of  the  project  berms  is  much  lower  than  the  existing 
filled  piers  which  are  also  much  wider.  The  net  result  is  that  dewatering  and 
hydraulic  tidal  connection  between  the  central  fill  and  the  open  waterway  is 
expected  to  occur  through  the  project  berms.  The  permeability  of  the  fill  is 
predicted  to  be  orders  of  magnitude  lower  than  the  berms,  and  therefore  con¬ 
trols  water  movement  through  the  site. 

Ground-Water  Flow 

The  hydraulic  response  of  the  system  was  modeled  using  the  FPM  Finite 
Element  Model  (Golder  1983)  in  a  vertical  two-dimensional  slice  configuration 
with  output  (flow  velocities  and  directions)  used  as  input  to  the  transport 
model.  It  was  run  for  both  initial  dewatering  and  steady-state  conditions  in 
a  variety  of  situations  representing  possible  construction  alterations  and 
possible  remedial  actions. 

The  model  used  a  two-dimensional  cross  section,  north-south  through  the 
berms  and  fill.  The  boundaries  were  the  pond  north  berm  face,  the  low  perme¬ 
ability  silt  layer  20  to  30  ft  below  the  siltv  sand  of  the  existing  waterwav, 
and  the  south  berm  waterway  face.  Th i s  cross  section  (Figure  4)  was  divided 
into  214  elements  defined  by  240  nodes  (corners).  The  output  was  tables  of 
hydraulic  heads  for  each  node,  Darcy  flow  velocities  (magnitude  and  direction) 
for  each  element,  and  plots  of  head  contours.  The  dewatering  phase  assumed 
instantaneous  construction;  therefore,  we  used  the  )0  dnvs  post  cons t rue t i on  as 
an  environmentally  conservative  highest  level.  The  idealized  ?S-hr  tidal  com¬ 
ponent  was  simulated  bv  holding  boundary  condition  water  levels  on  the  south 
berm  face  at  eight  constant  steps  throughout  the  period.  The  head  and  dura¬ 
tion  ot  each  step  were  based  on  mean  tidal  values  tor  Seattle. 

The  water  flow  modeling  shows  that  the  movement  of  water  through  this 
till  is  mainly  dependent  m  the  ground-water  head  established  in  the  upstream 
pond  and  the  permeability  of  the  till  material.  Tt  also  shows  that  artifi¬ 
cially  elevating  the  pond  level  to  +•  I  i  during  dewatering  (to  minimize  flow 
into  the  pond)  has  no  significant  benefit.  However,  after  dewatering,  arti¬ 
ficially  lowering  the  pond  to  mean  tide  level  would  eliminate  through  flow 
through  the  till  and  therefore  minimize  contaminant  losses. 

The  cover  till,  with  high  permeability  equal  to  that  of  the  berms,  acts 
as  a  top  drain  during  the  dewatt  ring  phase,  and  does  not  act  as  a  pathway 
allowing  significant  cycling  of  pond  tidal  water  or  tidal  cycling  through  the 
fill  as  was  initial!’.'  suspected.  Manipulating  the  permeability  of  the  cover 
fill,  therefore,  does  not  provide  a  significant  environmental  advantage.  In¬ 
filtration  through  the  asphalt  paving  cap  does  not  create  a  significant  flow 
through  the  system  as  compared  with  tidal  action  or  advective  llow. 

The  hydraulic  head  contours  (Figure  3)  showed  that  most  of  the  tidal 
action  occurs  in  the  berm  and  not  in  the  fill.  The  tidal ly  induced  velocities 
(Table  .1)  are  one  to  two  orders  of  magnitude  higher  in  the  upper  portion  of 
the  berm. 
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Figure  4.  Finite  element  mesh  for  berm-fill  syster 


DARCY  VELOCITIES  AND  MIXING  AT  THE  BERM  FACE  (POND  AT  +9) 
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Contaminant  Trnjisjnvrt 

Hie  contaminant  mass  transported  through  the  system  was  modeled  using  the 
output  of  tile  hydraulic  model  as  input  to  the  I. EACH  1-1)  (curvilinear)  analyti¬ 
cal  transport  model  (a  modified  form  of  ODAST,  .lavandel,  Doughty,  and  Tsang 
I 4H4 ) .  The  contaminant  mass  transport  model  was  run  using  the  various  hydrau¬ 
lic  model  outputs  with  a  range  of  contaminant  absorpt ion /desorpt ion  constants 
1 rom  d(k'  =  0.1)  to  PCB  ( k '  -  2900).  This  modeling  showed  that: 

a.  implementation  of  the  proposed  Terminal  91  Short  Fill  as  a  dredged 
material  containment  facility  using  the  as-planned  construction  is 
unlikely  to  produce  concentrations  of  deleterious  contaminants  at  the 
waterwav  berm  face  which  exceed  chronic  saltwater  exposure  criteria. 
Cadmium  and  mercury  concentrations  within  the  south  berm  may  begin  to 
exceed  these  standards  at  some  time  approximately  40  years  in  the 
future.  The  maximum  concentration  should  never  be  more  than  10  times 
above  the  criteria.  Mixing  at  the  berm  face  with  dilution  ratios  of 
more  than  100  to  1  is  likely  to  reduce  these  concentrations  below 
chronic  saltwater  exposure  criteria. 

b.  Allowing  the  pond  to  remain  at  its  natural  level  (estimated  at  eleva¬ 
tion  +9  ft)  over  the  long  term  is  unlikely  to  cause  water  flow  to  in¬ 
crease  to  the  point  that  waterway  berm  face  concentration  levels 
would  exceed  chronic  saltwater  exposure  criteria.  Concentrations 
within  the  berm  may  reach  these  levels  within  20  years  if  the  disper¬ 
sion  in  the  berm  is  very  low  (0.1  m2/day). 
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Contamination  will  be  removed  from  the  fill  through  two  dominant 
mechanisms:  advective  flow  (caused  both  by  dewatering  of  the  dredged 
material  during  consolidation  and  by  flow  from  the  pond  during  later 
periods)  and  dispersion  of  contaminants  (caused  by  tidal  action) . 
Dewatering  advection  will  dominate  during  the  early  stages  (less  than 
1  year)  while  tidal  dispersion  will  dominate  after  this  period. 

Cadmium  and  mercury  are  the  contaminants  most  likely  to  reach  concen¬ 
tration  levels  in  the  berm  which  could  exceed  chronic  saltwater  ex¬ 
posure  criteria.  Absorption  is  likely  to  retard  the  movement  of  most 
organic  contaminants. 

Mixing  at  the  waterway  berm  face  is  likely  to  cause  more  than  a 
100-to-l  average  dilution  in  comparison  with  concentrations  in  the 
middle  of  the  berm.  The  dilution  of  the  berm  is  the  result  of  mixing 
of  clean  seawater  with  ground-water  flow  from  the  berm  during  each 
tidal  cycle.  The  bulk  mixing  ratio  of  more  than  100  to  1  is  based  on 
the  ratio  of  the  relative  volumes  moved  by  tidal  action,  to  the  vol¬ 
umes  moved  by  advection  from  the  elevated  pond  (+9  ft) ,  and  infil¬ 
trated  precipitation.  The  actual  concentration  at  any  given  time 
during  the  tidal  cycle  is  a  function  of  dispersion.  High  dispersion 
results  in  actual  concentrations  during  most  of  the  tidal  cycle  close 
to  the  average  produced  by  bulk  mixing.  Low  dispersion  will  result 
in  actual  concentration  near  seawater  levels  during  most  of  the  cycle 
with  short  periods  equal  to  in-berm  concentrations. 

Monitoring  wells  should  be  placed  at  the  intertidal  elevation  in 
order  to  first  detect  contaminant  movement.  Flow  velocities  are 
highest  and  flow  paths  from  the  fill  are  shortest  in  this  intertidal 
zone.  The  first  contaminants  to  discharge  from  the  system  are  likely 
to  travel  through  this  zone.  Deeper  wells  should  also  be  placed  in 
order  to  verify  long-term  discharge  and  to  compute  average  discharge 
rates  and  concentrations.  Wells  should  be  placed  at  the  waterway 
berm  face  to  measure  the  actual  concentration  of  discharges.  Wells 
in  the  middle  of  the  berm  area  are  also  recommended  to  monitor  in¬ 
berm  concentrations. 

Sensitivity  analyses  indicate  that  the  system  is  sensitive  to  varia¬ 
tions  in  the  value  of:  dispersivity ,  hydraulic  conductivity  of  the 
fill,  and  pond  elevation.  Sensitivities  were  such  that: 

(1)  A  one-order-of-magnitude  variation  in  dispersion  could  cause  a 
variation  of  one  order  of  magnitude  in  concentration  at  certain 
distances  and  times. 

(2)  A  one-order-of-magnitude  variation  in  dredged  materia]  fill  hy¬ 
draulic  conductivity  could  cause  a  variation  in  flow  velocity  of 
one  order  of  magnitude  within  the  berm. 

(3)  A  3-ft  increase  in  pond  height  could  cause  a  fivefold  increase 
in  berm  velocity  through  the  berm. 

The  system  was  not  sensitive  to  hydraulic  conductivity  of  the  berm, 
rate  of  infiltrated  precipitation  through  the  asphalt-covered  top. 


storativity  of  the  dewatered  fill,  or  specific  storage  of  the  whole 
system.  An  order-of-magnitude  variation  in  these  parameters  (except 
specific  storage)  caused  less  than  a  20  percent  variation  in  berm 
flow  velocities.  A  50  percent  variation  in  specific  storage  caused 
no  measurable  variation  in  berm  flow  velocity. 

In  summary,  the  modeling  shows  that  the  performance  of  the  project  is  ex¬ 
pected  to  meet  the  water  quality  criteria  and  the  general  goals  of  the  con¬ 
tainment.  It  shows  that  the  probability  of  excessive  contaminant  loss  is 
small  and  that  even  if  it  occurs,  the  impact  is  minimal  on  the  specific  site. 
The  minimal  impact  conclusion  is  due  to  the  low  level,  small  quantity  aspect 
of  the  leachate,  and  existing  site  contamination.  The  sediments  of  the  exist¬ 
ing  site  are  as  contaminated  as  those  requiring  containment  in  the  fill.  The 
site  receives  a  large  contaminant  from  several  major  storm  drains  and  combined 
sewer  overflows  emptying  into  the  immediate  and  nearby  arch. 

On  the  strength  of  these  conclusions,  the  Port  has  been  allowed  to  pro¬ 
ceed,  provided  that  an  acceptable  monitoring  and  remedial  actions  plan  could 
be  prepared. 

Criteria,  Threshold;  , 

Monitoring,  and  Remedial  Action  Plan 

The  following  is  a  detailed  summary  of  the  plan  (Port  of  Seattle  1985) 
designed  by  the  Port  in  cooperation  with  the  Washington  Department  of  Ecology 
and  the  other  regulatory  and  resource  agencies.  The  goals  of  this  plan,  and 
the  subsequent  monitoring  program,  are: 

a.  Establish  the  basic  criteria  against  which  performance  of  the  dis¬ 
posal  site  will  be  measured. 

b.  Set  up  the  monitoring  program  to  measure  the  performance  and  follow 
the  movement  of  contaminants  at  the  site. 

c.  Establish  threshold  levels  for  initiation  of  remedial  actions. 

d.  Set  up  the  remedial  actions  that  will  be  undertaken  if  the  system 
does  not  meet  the  criteria  and  should  prove  to  be  a  long-term  water 
quality  problem. 

e.  Propose  research  and  modeling  verification  that  will  make  these  re¬ 
sults  more  applicable  to  other  dredged  material  disposal  projects. 

£.  Prepare  a  monitoring  plan  to  ensure  the  protection  of  local  water 
quality  during  the  filling  operation. 


The  containment  performance  monitoring  program  is  based  upon  accepted 
marine  water  quality  criteria  and  consists  of  berm  well  samples  and  water  col¬ 
umn  samples  that  will  be  or  are  in  the  threshold/remedial  action  phase.  Ad¬ 
ditional  well  and  pond  samples  will  be  collected  to  provide  research  infor¬ 
mation  on  movement  of  contaminants  in  the  confined  disposal  site.  All  samples 
will  be  analyzed  for  heavy  metals  and  some  for  full  priority  pollutants. 


There  will  also  be  a  monitoring  program  for  the  pond  and  a  water  quality  mon¬ 
itoring  program  for  the  disposal  operation.  These  are  standard  water  quality 
type  programs  and  will  not  be  elaborated  on  in  this  paper. 

The  thresholds  for  remedial  action  apply  only  to  the  wells  in  south  berm, 
Pier  90  and  Pier  91.  The  dilution  factors  for  calculating  the  threshold  lev¬ 
els  from  the  well  data  will  be  derived  from  the  field  sampling  of  the  corre¬ 
sponding  sets  of  berm  face  wells,  and  vertical  berm  wells  located  at  the  cen¬ 
ter  of  the  south  berm.  Exceeding  a  threshold  value  will  initiate  notification 
of  the  agencies  and  a  series  of  confirming  samples.  Action  decisions  will  be 
based  on  these  sample  sets. 

The  sampling  frequency  will  be  high  during  the  first  b  months  to  document 
the  dewatering  stage  and  to  establish  dilution  factors.  The  frequency  will 
then  be  reduced.  The  monitoring  program  will  be  reviewed  annually  with  the 
objective  of  reducing  unproductive  sampling.  The  long-term  monitoring  will  be 
conducted  quarterly  and  then  semiannually.  It  will  last  for  a  total  of 
4  years  after  capping.  At  this  point,  the  entire  program  will  be  reviewed  and 
any  future  work  decided  upon. 

The  data  will  be  reported  to  Washington  Department  of  Ecology  (WDOE) ,  the 
Corps  of  Engineers  (CE)  ,  and  the  Environmental  Protection  Agency  (F.PA)  after 
each  sample  series.  Water  quality  data  from  the  disposal  operation  will  be 
reported  within  48  hr.  Any  decision  regarding  the  performance  ot  the  fill 
containment  and  the  need  to  institute  remedial  action  will  include  WDOE,  EPA, 
CE,  and  the  Port  of  Seattle. 

The  main  focus  of  the  remedial  action  is  to  repair  the  site  if  a  chronic 
water  quality  problem  should  exist.  It  is  understood  that  the  extensive  con¬ 
struction  necessary  for  the  more  extreme  remedial  actions  and  the  time  delays 
in  confirming  any  real  problem  make  it  unrealistic  to  consider  it  applicable 
to  the  initial  dewatering  plan. 

After  the  first  year  of  monitoring  and  research,  the  data  from  the  field 
studies  will  be  used  to  update  and  reevaluate  the  long-term  projections  from 
computer  modeling. 

Criteria 

The  criteria  used  to  judge  the  acceptable  operation  of  the  confined  dis¬ 
posal  site  will  be  the  EPA  marine  water  quality  criteria  applied  at  the  south 
berm  face  or  side  pier  faces.  The  chronic  criteria  will  be  applied  at  the 
berm  or  pier  face  "discharge  area."  Where  there  are  no  EPA-accepted  criteria, 
"background"  seawater  and  10  times  background  seawater  will  be  used  in  a  two- 
tier  criteria.  Exceeding  10  times  ( 1 0 X )  background  will  initiate  the  same 
response  as  the  EPA  chronic  criteria.  Above  background  will  initiate  notifi¬ 
cation  of  WDOE,  EPA,  and  CE  and  meetings  with  the  Port  and  these  regulatory 
agencies  to  determine  the  need  for  confirming  samples,  the  impact  of  the  com¬ 
pound  detected,  and  the  appropriate  remedial  actions,  if  any.  These  discus¬ 
sions  will  rely  heavily  on  the  EPA  list  of  "Lowest  Reported  Toxic  Concentra¬ 
tions"  for  priority  pollutants.  Any  decision  to  call  for  remedial  action  will 
be  based  on  a  confirmed  water  quality  problem.  Though  the  WDOE,  EPA,  and  CE 


have  independent  authority  under  the  Clean  Water  Act  that  could  apply  to  this 
situation,  any  decision  to  require  remedial  action  will  be  made  by  consulta¬ 
tion  among  these  regulatory  agencies. 


Action  Thresholds 


The  action  threshold  levels  are  those  levels  in  the  monitoring  wells 
which  would  indicate  a  high  probability  of  exceeding  chronic  saltwater  cri¬ 
teria  at  the  berm  faces.  This  would  indicate  a  failure  of  the  disposal  site 
to  adequately  contain  the  contaminants  of  concern,  and  could  justify  initiat¬ 
ing  remedial  action.  Initially,  data  from  samples  taken  in  the  berm  face 
wells  will  be  compared  against  the  established  criteria.  If  criteria  are 
exceeded,  discussions  between  the  Port  of  Seattle  and  the  WDOE  will  be  ini¬ 
tiated.  These  discussions  will  first  establish  an  appropriate  dilution  ratio. 
Secondly,  there  will  be  an  analysis  of  the  contaminant  at  the  dilution  ratio 
established  to  determine  if  there  is  an  adverse  impact  to  the  aquatic 
environment . 

The  site-specific  information  used  to  establish  the  dilution  factors  be¬ 
tween  the  berm  face,  the  berm  face  wells,  and  the  vertical  berm  wells  will  in¬ 
clude  both  che  modeling  information  and  the  field  sampling  data  from  the  south 
berm.  When  finalized,  these  factors  will  be  applied  to  all  the  south,  east, 
and  west  berm  pier  vertical  wells. 

Decisions  to  begin  remedial  action  to  reduce  the  mobility  of  contaminants 
will  be  made  based  on  the  wells  installed  in  the  south,  east,  and  west  berms, 
and  the  seawater  sample  stations.  Samples  exceeding  the  threshold  levels 
will  initiate  a  more  intense  sampling  sequence  of  three  additional  sample 
sets,  taken  at  the  affected  sites  every  other  week  for  5  weeks  and  analyzed 
for  the  contaminants  of  concern.  If  the  mean  of  these  four  samples  is  statis¬ 
tically  greater  than  the  threshold  level,  then  discussions  of  the  appropriate 
remedial  action  will  be  initiated  with  WDOE,  EPA,  and  CE. 

The  exception  to  this  sequence  will  be  during  the  initial  6  months 
dewatering/consolidation  phase.  The  dewatering  is  an  extension  of  the  con¬ 
struction  phase  and  therefore  is  an  accepted  short-term  impact  (6-month)  that 
may  affect  water  quality  at  the  berm  face,  but  not  beyond  the  dilution  zone  in 
the  center  waterway  slip.  During  this  period  a  problem  with  the  disposal  oper 
ation  would  be  indicated  by  exceeding  acute  water  quality  criteria  at  the  berm 
face  or  by  exceeding  chronic  water  quality  criteria  in  the  center  slip  beyond 
the  dilution  zone  (100  yards  south  of  the  south  crest  of  the  south  berm). 

Monitoring  Program 

The  monitoring  program  consists  of  ten  well  sites  (Figure  6),  three  of 
which  are  three  level  well  nests,  and  six  water  stations. 

The  frequency  of  sampling  (Table  3)  will  vary  during  initial  construc¬ 
tion,  the  early  consolidation  phase,  and  the  long-term  monitoring  phase.  A 
suite  of  six  metals  (Cd,  Hg,  As,  Zn,  Pb ,  and  Cu)  and  total  organic  carbon 
(TOC)  will  be  sampled  on  a  regular  basis.  There  will  also  be  several  sampling 
series  for  the  compounds  on  the  priority  pollutant  list,  an  hourly  sampling 
across  a  tidal  cycle,  and  other  research  sampling. 
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Figure  6.  Monitoring  locations 


TABLE  3.  MONITORING  SCHEDULE 


XXI  XXX  XXX  XXX 
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Water  le»e1s  hourly  26  hours  1 1  da  I  Metght/Pond  Height 
Hourly  26  hours  contaminant  nmblllly  with  tide 

High  resolution  Priority  Organics  (PCB’s,  DOT’S ,  PAH’s)  and  high  reso lut Ion  mobl le  metals  (Cd.  Hg .  2r») 


The  construction  period  sampling  will  consist  of  two  samples  from  the 
upstream  and  east  and  west  pier  wells.  The  other  berm  wells  will  be  drilled 
as  soon  as  possible  and  sampled  twice  during  the  fill  operation  along  with  the 
east  and  west  pier  wells. 

Sampling  will  begin  when  the  south  berm  is  in  place  with  vertical  well 
nest  and  berm  face  well  nest  installed  and  in  operation.  This  will  be  about 
the  same  time  the  fill  is  capped.  This  standard  sampling  will  begin  with 
monthly  sampling  for  6  months,  then  change  to  quarterly  for  the  next 
1-1/2  years,  and  finally  to  semiannually  for  the  last  2  years.  At  this  time 
there  will  be  a  major  program  review.  If  there  are  no  significant  water  qual¬ 
ity  problems,  the  stations  and  analyses  will  be  greatly  reduced  based  on  the 
knowledge  gained. 

Monitoring  samples  are  to  be  taken  during  the  last  half  of  an  outgoing 
tide.  The  water  station  samples  will  be  taken  on  the  same  day,  preferably  on 
the  same  tide.  All  samples  will  be  processed  for  the  dissolved  contaminants 
and  not  particulates.  Standard  field  observations  of  time,  tide  well  water, 
height,  etc.,  will  be  taken  at  all  stations.  Standard  analysis  will  be  by  the 
EPA-approved  methods  and  to  the  standard  minimum  detection  limits  for 
seawater. 

Remedial  Actions 

The  following  remedial  actions  represent  those  techniques  found  to  be 
feasible  in  a  site-specific  engineering  study  of  the  possible  options.  Re¬ 
medial  actions  will  be  implemented  incrementally  with  follow-up  testing  to 
determine  the  effectiveness  of  each  increment.  The  appropriate  initial  incre¬ 
ment  will  be  chosen  by  mutual  agreement  between  WDOE,  EPA,  and  CE  in  discus¬ 
sions  with  the  Port.  The  actions  include: 

a.  Maintain  the  pond  water  at  mean  tidal  level  (+6.6). 

b.  Pump  interstitial  water  out  of  the  fill  and  discharge  to  a  METRO 
treatment  plant  (an  interim  measure).  This  would  minimize  water  flow 
seaward  through  the  south  berm. 

£.  Ensure  in-place  chemical  stabilization.  This  is  a  new  technique,  and 
would  be  used  only  if  available  information  shows  it  to  be  acceptable 
for  a  specific  contaminant. 

d.  Install  a  slurry  wall  in  the  north  and  south  berms. 

e.  Install  a  slurry  wall  in  the  east  and  west  piers. 

£.  Remove  the  contaminated  dredged  material  from  between  the  berms. 

CONCLUSIONS 

The  Terminal  91  Short  Fill  project  is  providing  a  demonstration  that 
nearshore  unlined  contained  disposal  of  mildly  contaminated  dredged  material 
is  a  viable  option,  even  with  increased  concern  over  contaminant  mobility. 
Because  of  the  factors  affecting  mobility,  a  site-specific  analysis  must  be 
performed . 


The  approach  taken  by  the  Port  is  a  reasonable  route  to  obtaining  the 
permits  to  begin  construction  when  generic  information  indicates,  but  does  not 
give  specific  assurance,  that  the  project  will  meet  newer,  more  advanced  water 
quality  concerns.  Using  computer  modeling  in  a  site-specific  preproject 
analysis  in  conjunction  with  monitoring  and  agreed-upon  remedial  action  steps 
gives  the  greatest  assurances  that  containment  goals  will  be  met  and  the  envi¬ 
ronment  protected.  This  is  an  expensive  approach  and  only  cost-effective 
where  the  site-specific  analysis  shows  a  high  probability  that  the  water  qual¬ 
ity  criteria  will  be  met. 
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ABSTRACT 

The  5th  District  Port  Construction  Bureau,  Min¬ 
istry  oi  Transport,  has  Been  conducting  studies  to 
obtain  a  feasible  method  for  sediment  removal  in  Ise 
Bay.  These  studies  were  conducted  in  Mikawa  Bay  to 
ascertain  the  effect  and  method  of  sediment  removal 
since  1980.  These  studies  were  conducted  prior  to 
carrying  out  the  sediment  removal  in  Ise  Bay,  one  of 
the  major  works  for  improvement  of  the  ocean 
environment . 

This  paper  summarizes  a  study  of  the  effects  of 
sediment  removal,  in  terms  of  the  amount  of  released 
organics  and  nutrients,  and  recovery  of  biotas  and 
other  findings  in  dredging  tests  performed  in  1980  in 
highly  contaminated  sediments. 


INTRODUCTION 

Mikawa  Bay,  a  part  of  Ise  Bay,  is  backed  by  the  City  of  Nagoya  and  is 
situated  at  the  center  of  the  Japanese  Archipelago.  Mikawa  Bay  is  a  closed 
inland  bay  bounded  by  the  Chita  Peninsula  and  the  Atsumi  Peninsula  (Figure  1). 

The  600-sq-km  Mikawa  Bay  is  shallow  with  an  average  depth  of  9.2  m  and  a 
very  narrow  (about  10  km)  mouth.  These  conditions  do  net  favor  the  inter¬ 
change  of  seawater,  but  do  favor  eutrophication. 

First  class  rivers  such  as  the  Yahagi  Rivet  and  the  Toyo  River  flow  into 
the  sea.  The  inflow  loads  from  these  rivers  to  the  whole  area  of  the  Mikawa 
Bay  included  approximately  69  tons/day  of  chemical  oxygen  demand  (COD), 

35  tons/day  of  total  nitrogen  (T-N) ,  and  3.0  tons/day  of  total  phosphorus 
(T-P)  in  1979.  The  Aichi  Prefectural  Government  established  the  total  amount 
regulation  program  with  regard  to  COD  in  Ise  Bay  and  Mikawa  Bay  in  1980,  and 
has  been  implementing  the  program  to  reduce  the  inflow  loads. 
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Figure  1.  i  (u  .ii  ion  of  Mikawa  Bav 


However,  ,»•-  M't'ii  in  Figure  ,  in  spite  of  the  program  to  reduce  (01), 
seawater  quality  Has  not  improved  much  since  tiie  environmental  quality 
standard  is  continually  exceeded. 

The  frequency  of  red  tide  is  shown  in  Figure  3,  and  the  fishery  is  being 
affected  hadlv.  figure  4  indicates  that  organic  sediments  with  a  concentra- 
t ion  of  over  4tt  mg  g'I'.S.  of  COP  is  accumulating  at  the  central  part  of  M i kawa 
Fax.  Since  sediment  COI)  attects  the  occurrence  of  red  tides,  sediment  removal 
was  <  ons i de red . 

Flow  conditions  in  Mikawa  Bav  are  clockwise  and  steady  in  the  inner  part 
of  the  bav  and  counterclockwise  and  steady  in  the  central  part  of  the  bav.  At 
the  central  part  of  these  two  steady  flows,  highly  concentrated  organic  sedi¬ 
ment  accumulates  and  is  coincident  with  the  retention  area. 

In  order  to  improve  water  quality  in  Mikawa  Bay  where  eutrophication  has 
advanced  considerably,  it  is  necessarv  to  reduce  inflow  loads  and  to  minimize 
nutrient  release.  To  do  this.  The  bth  District  Port  Construction  Bureau,  Min¬ 
istry  of  Transportation,  is  presently  examining  sediment  removal  projects. 
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Figure  2.  Annual  variation  of  COD 
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figure  1.  Red  tide  frequency  of  occurrence  and  numbers  of  days  of 
occurrence  in  I se  and  Mikawa  Bays  (Note:  Total  number 
in  1979,  1981,  1982,  and  1983  includes  one  case  that 
occurred  in  the  open  sea  of  Atsumi) 


One  of  the  projects  involved  sediment  removal  at  the  center  of  Mikawa  Bay, 
where  substantial  organic  sediment  accumulates.  A  general  description  of  this 
part  of  the  study  is  given  below. 

SYSTEM  OF  STUDY 


The  system  of  study  is  shown  in  Figure  5. 
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The  study  conducted  in  1480  and  1481  is  discussed  below.  Some  items  ot 
the  study  have  been  continued. 

Purpose  ot  Study 

The  study  was  performed  to  determine  the  effects  of  sediment  removal  on 
the  conditions  of  organic  and  nutrient  release  from  sediment,  oxygen  demand, 
and  recovery  of  biota. 


Seven  sampling  stations  were  set  up  inside  and  outside  the  dredged  area 
(figure  8);  stations  No.  1  to  No.  1  are  located  within  the  dredged  area,  and 
No.  4  to  No.  ?  are  outside  the  area  of  dredging. 


Figure  8.  Sampling  stations 
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A  list  of  the  items  studied  is  shown  in  Table  1. 

Results  of  Study 

Results  of  the  study  are  itemized  below: 
a.  Conditions  of  flow. 

(1)  Tidal  current.  The  tidal  current  of  the  upper  and  lower  water 
layers  runs  toward  the  inner  part  of  the  bay  during  rising  tide 
and  toward  the  mouth  of  bay  during  ebb  tide. 

(2)  Steady  flow.  Steady  flow  (daily  average  flow)  varies  widely 
with  flow  direction  and  velocity.  The  maximum  velocity  in  the 
upper  water  layer  reached  20  cm/sec  during  both  examinations  and 
can  temporarily  run  faster  than  the  tidal  current. 


Sediment  (Figure  9). 


(1)  Organic  pollutant  index.  The  examination  (in  June)  prior  to  the 

test  indicated  that  the  values  of  sediment  between  the  outside 
and  inside  area  were  similar;  however,  after  sediment  removal  a 
reduced  amount  of  organics  and  nutrients  inside  the  area  was 
noted.  Subsequently,  the  sediment  indicated  almost  constant 
values  until  the  third  study  in  December  after  the  test.  The 
fourth  study  in  Februarv  indicated  a  slight  increase,  piobably  a 
seasonal  variation,  •'he  difference  between  the  outside  and 

inside  area  was  ma'- 

(2)  Oxidation  -  reducti» n  potential  of  sediment.  The  sediments  out¬ 
side  the  area  were  highly  reduced  when  compared  with  the  dredged 
inside  area.  Inside  the  area  the  oxidation  reduction  potential 
(ORP)  is  reduced  during  periods  from  the  first  study  in  July  to 
the  fourth  study,  and  a  tendency  of  weak  reduction  of  sediment 
is  shown.  However,  seasonal  variations  of  T-S  and  sulfate- 
reducing  bacteria  are  small. 

(3)  Physical  properties.  The  sediment  consisted  of  fine  silt  and 
clay,  but  little  difference  is  seen  in  unit  volume  weight  and 
moisture  content  ratio. 

Benthos  (Figure  10). 

(1)  Seasonal  variations.  Macrobenthos  showed  a  noticeable  reduction 
in  wet  weight,  number  of  species,  and  number  of  individuals  in 
the  second  study  in  September,  compared  with  the  study  in  June 
before  the  test  and  the  first  study  in  July.  Theora  frag  Hitt 
belonging  to  Mollusca,  predominant  up  to  that  time,  disappeared 
and  Ancirtrosyllis  hanaokai  and  Pvionoskio  cirri fere  of  Poly- 
chaeta  now  predominate.  However,  an  increase  in  numbers  of 
species  and  number  of  individuals  occurred  in  the  third  study  in 
December  and  the  fourth  study  in  February.  This  may  indicate  a 
recovery  of  the  biota. 

( 2)  Difference  between  the  outside  area  and  the  dredged  inside  area. 
The  first  study  in  July  after  the  test  showed  a  noticeable  re¬ 
duction  in  microbenthos  in  the  dredged  inside  area.  This  may  be 
a  result  of  the  influence  of  testing.  However,  the  second  studv 
in  September,  the  third  study  in  December,  and  the  fourth  study 
in  February  after  the  test  showed  a  slight  increase  in  the  mi¬ 
crobenthos  of  the  inside  area  compared  with  the  outside. 

Pore  water  concentrations  of  P,  N,  and  COD. 

(1)  Vertical  distribution  (Figure  11).  Generally,  the  concentra¬ 
tions  in  the  pore  water  were  lower  in  the  dredged  area. 

Seasonal  variations  tend  to  be  high  in  September  and  low  in 
December;  however,  N  and  P  in  the  area  of  sediment  removal  have 
been  depressed  since  July. 


Figure  10.  Seasonal  variations  in  benthos 


Figure  11.  Vertical  distribution  ol  pore  water 


(1?)  Decomposition  rate  of  organics  in  sediment  (Figure  l.1).  The 

pore  water  daily  variation  of  organic  concentrations  was  studied 
for  30  days  by  incubating  the  sediment  (0-30  cm)  with  water 
temperature  of  the  testing  stations.  The  decomposition  rate  ol 
organics  inside  the  area  of  removal  was  slower  than  that  outside 
the  area  in  the  second  to  lourth  studies.  This  may  indicate 
that  hard-to-decompose  organics  are  prevalent  in  those  studv 
areas . 


Release  test  (Figure  11).  Release  rest  equipment  was  installed  in¬ 
side  and  outside  the  dredged  area  to  determine  variations  in  release 
flux.  Both  N  and  P  showed  higher  values  in  the  outside  area  in  the 
first  studv  in  July  and  the  third  studv  in  December.  3  he  second 
study  in  September  indicated  a  very  low  release  1  lux,  and  consider¬ 
able  differences  between  two  areas  were  not  seen. 


DO  demand  rate 


Figure  14.  DO  demand  rate  at  stations 
No.  1  and  No.  7 

CONCLUSIONS 

In  order  to  understand  the  effects  of  sediment  removal  on  ocean  environ¬ 
mental  improvement,  a  dredging  project  was  conducted  in  Mikawa  Kay,  along  with 
a  follow-up  study  on  the  effects  of  the  removal.  Conclusions  ascertained  one 
year  after  the  test  was  completed  are  as  follows: 

a.  The  organic  and  nutrient  content  in  sediment  was  reduced. 

h.  The  pore  water  index  was  low  in  the  dredged  inside  area. 

c.  Decomposition  rate  of  organics  in  sediment  tended  to  he  higher  in  the 
outside  area. 

d .  For  benthos,  the  numbers  ot  individuals,  number  oi  species ,  and  wet 
weight  ir:<  reused  cons  iderablv  inside  the  area  as  compared  with  the 
outside  area. 

However,  the  results  o!  a  longer  tern:  studv  show  that  the  1  eii.  r  be  - 

tween  the  outside  irea  and  tie  dredged  inside  area  i  <•  d  :  r  ;  n  i  s  h :  •  g  .  and  <  ;ir  he 
■  "ns  i  de  red  i net  !  «•«  t  i  ve  J  or  long-term  removal  rtio  is  1  h  i  s  results  :  r  ■  r  ••  - 

p'  sit  jot-  or  sediment  r  nm,  surrounding'-  areas. 

1  r 07  the  test  and  r  >  1  low-up  stud’.  .  it  wa-  determined  r:  it  •  he  ir.-  V:  , 

W  U  i  ;i  he  e  :  e  I  t  1  .’e  fir  !  .  e.1  r  ;  t  here:  ore  ,  se<*  :r.elit  feir,'  V  I  v.  .  ‘  •  e  .  e  :  e 

'  e  i )  the  r  ,i  ;  i  ■  r  method'  ‘  ■  r  the  ■ .  ,  , ,  i  env  i  i  otir.eft  a  1 
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TABLE  Al.  ANALYTICAL  RESULTS  OF  SEDIMENT 


Items 


Cyanides  (mg/£) 
Cadmium  (mg/£) 
Arsenic  (mg/£) 
Alkaly  mercury  (mg/£) 

Total  mercury  (mg/£) 
Lead  (mg/£) 
Sexivalent  (mg/S.) 


Sexivalent 

chromium 

Phosphorus 

PCB 


(mg/S.) 
(mg  /£) 


Analytical  Results 


0.  1  (mg/ £) 

0.005  (mg/£) 

0.02  (mg/£) 

Should  not  be 
detected 

0.0005  ( mg / £ ) 

0.05  (mg/S) 

0.02  (mg/£) 

0 .  1  (mg/ £) 

0.0005  (mg/f. ) 


Construction  period  and  volume  of  dredged  soil 
Construction:  dune  5  -  July  31,  1980 

Volume  of  soil:  11,990  m3  (Area  10,000  m2) 
Main  capacity  of  dredge 


e p t h  of 

dredg  ing  : 

3.5  -  20.0  m 

i  s  t  a  n  c  e 

for  t  runspo  r  t  at  i  on  : 

Barge  loading 

redg i ng 

i  i  p ,  i  o  i  t  v  : 

!  5ll  to  400 

Criteria 


Less  than  1  (mg/S) 
Less  than  0.1  (rag/-) 
Less  than  0.5  (mg/S) 
Should  not  be  detected 

Less  than  0.005  (mg/S) 
Less  than  1  (mg/*.) 
Less  than  0.5  (mg/O 

Less  than  1  (mg/  k. ) 
Less  than  0.003  (mg/<) 


Sludge  collector 


Sludge  collector  driving 


unit : 

DC  110  kW 

Bearing  revolution:  3-15 

rpm 

Open/shut  shutter: 

Oil  pressure,  remote  control  type 

Ladder  control: 

Oil  pressure,  remote  control  type 

Gas  purge : 

Ejector 

Dredge  pump 

Ladder  Pump 

In-Ship  Pump 

Type : 

Volute 

Rated  power: 

150  PS 

Pumping  capacity: 

800  -  2,000  m3/h 

800  -  2,000  m3/h 

Head : 

10  -  20  m 

20  -  50  m 

Revolution : 

490  -  700  rpm 

200  -  310  rpm 

Motor : 

AC  1 10  kW 

D  2,000  PS 

Pipe  size: 

Suet  ion /delivery 

400  mm/ 400  mm 

Check  valve: 

Oil  pressure  type 

Operation  monitoring 

TV  monitoring  system: 

Submerged  TV  camera, 
Monitoring  video  unit. 
Lighting  unit 

Turbiditv  monitoring  system: 

Analog  meter  with  recorder 

Depth  monitoring  system: 

Analog  meter  with  recorder 

Composition  of  ships 

Dredge 

D  7,250  PS 

1  vessel 

W 1  nr  he r 

15  tons 

1  vessel 

i  o.ide  r 

21m  «  11  m  ■  2.25m 

1  vessel 

T ransporr.i  t  i  on 

2,700  m3 

1  vessel 

i'ust'e  r 

1)  7,600  PS 

1  vessel 

r* 


EVALUATION  OF  DREDGING  AS  A  REMEDIAL  TECHNOLOGY 
FOR  THE  COMMENCEMENT  BAY  SUPERFUND  SITE 


Keith  E.  Phillips,  John  F.  Malek 
US  Army  Corps  of  Engineers 
Seattle  District 
PO  Box  C-3755 

Seattle,  Washington  98124-2255 


ABSTRACT 

Recent  studies  in  Puget  Sound  have  demonstrated  a 
link  between  elevated  concentrations  of  chemicals  in 
bottom  sediments  and  serious  diseases  (e.g.,  liver  car 
cinomas)  in  bottom-dwelling  fish.  These  and  other 
studies  have  led  to  intensified  efforts  to  identify 
contaminant  sources  and  to  clean  up  problem  sediments. 
Remedial  action  at  the  Commencement  Bay  Nearshore/ 
Tideflats  Superfund  Site,  in  the  State  of  Washington, 
USA,  is  expected  to  include  dredging  and  disposal  of 
contaminated  sediments  from  the  bay's  industrialized 
waterways.  In  addition,  intensive  navigation  activi¬ 
ties  often  require  handling  contaminated  sediments. 

In  response  to  this  close  interaction  between  Super¬ 
fund  cleanup  investigations  and  navigation  needs,  the 
Corps  of  Engineers  assisted  the  State  of  Washington  by 
conducting  an  analysis  of  alternative  dredging  methods 
and  equipment,  disposal  methods  and  sites,  and  site 
control  and  treatment  practices  for  contaminated  sedi¬ 
ments  derived  from  the  bay. 

This  paper  reviews  some  of  the  conclusions  of  the 
alternatives  study  regarding  preferred  dredging  and 
disposal  practices  for  sediment  contamination  found  in 
Commencement  Bav.  Factors  influencing  contaminant  mo¬ 
bility  and  an  example  application  of  chemical  parti¬ 
tioning  coefficients  to  a  screening  assessment  of  con¬ 
taminated  sediments  are  discussed.  Key  cons i dera t ions 
in  selecting  appropriate  equipment  and  methods,  and 
the  preferred  methods  for  various  classes  ol  contami¬ 
nants,  are  presented.  Subsequent  work  by  the  Corps  to 
develop  decisionmaking  guidance  for  dredged  material 
management  is  brief lv  reviewed. 

The  Commencement  Bav  Super! und  evaluations  served 
to  highlight  a  numbei  of  issues  related  to  navigation 
project  planning,  acceptable  disposal  practices,  and 
long-term  management  of  contaminated  sediments.  The 
influence  and  consequences  of  these  issues  to  dredged 
material  management  in  I'uget  Sound  are  discussed. 


INTRODUCTION 


In  the  late  1970s,  Puget  Sound  (Figure  1)  was  generally  perceived  as  an 
ecologically  rich  and  diverse  marine  water  body  nestled  between  two  snow¬ 
capped  mountain  ranges  to  the  west  and  east.  The  region's  abundant  precipi¬ 
tation  and  snowmelt  swelled  the  numerous  rivers  that  were  the  source  and  des¬ 
tination  of  the  region's  other  famous  resource,  salmon.  "Water  quality" 
problems  of  the  1950s  were  improving.  "Pollution"  in  Puget  Sound  referred  to 
the  aroma  emanating  from  the  occasional  pulp  mill  and  smelter  stacks  of  the 
Northwest . 

This  perception  abruptly  shifted  with  the  identification  of  chemical 
pollutants  concentrated  in  sediments  and  biota  at  numerous  locations  in  the 
Sound.  While  highest  concentrations  of  these  chemicals  have  been  identified 
near  major  population  and  industrial  centers,  contaminants  also  have  been 
identified  in  marine  sediments  and  organisms  in  areas  previously  thought  to  be 
clean.  Many  of  the  chemicals  accumulated  in  bottom-dwelling  fish,  and  high 
levels  of  certain  toxic  chemicals  in  the  urban  bays  were  linked  to  serious 
diseases  (e.g.,  liver  carcinomas)  of  English  sole  ( Parophrys  vetulus)  and 
other  demersal  fish  species  (Malins  et  al.  1984).  These  discoveries  increas¬ 
ingly  focused  agency  and  public  attention  on  the  health  of  the  Sound,  raising 
questions  regarding  past  practices  and  decisionmaking  criteria. 

In  October  1981,  the  US  Environmental  Protection  Agency  (EPA)  identified 
the  Commencement  Bay  area  of  Tacoma,  Washington,  as  one  of  the  top  priority 
sites  on  the  national  list  of  "Superfund"  (Comprehensive  Environmental  Re¬ 
sponse,  Compensation  and  Liability  Act  of  1980)  hazardous  waste  sites.  Site 
priority  was  based  on  widespread  contamination  in  the  soils,  sediments,  and 
biota  of  the  bay  resulting  from  airborne  emissions  of  arsenic  and  cadmium  from 
a  local  copper  smelter,  leaching  of  toxic  metals  from  the  large  quantities  of 
smelter  slag  deposited  along  the  marine  shoreline  at  the  plant  and  as  fill  in 
the  intertidal  areas  of  the  bay,  and  organic  contaminants  discharged  by  his¬ 
torical  and  current  industrial  activities  (including  four  chemical  manufac¬ 
turing  plants,  two  petroleum  refineries,  a  pulp  mill,  a  municipal  treatment 
plant,  and  numerous  waste  disposal  sites).  Over  900  individual  organic  com¬ 
pounds  have  been  detected  in  the  bay  sediments  (Malins  et  al.  1984). 

Remedial  investigations  of  the  site,  performed  with  the  State  of  Wash¬ 
ington  Department  of  Ecology  (WDOE)  as  lead  agency,  focused  on  defining  the 
extent  of  contamination  in  water,  sediments,  and  biota;  determining  the  con¬ 
tamination  threat  to  health,  welfare,  and  the  environment;  and  identifying 
contamination  sources  and  feasible  remedial  actions. 

A  maior  output  of  the  remedial  investigations  has  been  the  identification 
"t  a  "problem"  sediment  that  is  sufficiently  hazardous  in  place  to  warrant 
Superfund  remedial  action.  A  "problem"  sediment  was  defined  hv  an  action 
threshold  level  that  considers  variables  such  as  degree  of  sediment  chemical 
contamination,  sediment  toxicitv,  contaminant  bioaccumulation,  fish  pathology, 
and  benthic  macroinvertebrate  community  structure.  Areas  exceeding  predeter¬ 
mined  action  levels  were  evaluated  in  terms  of  appropriate  remedial  response: 
fa)  contaminant  source  control  only,  (b)  sediment  removal /containment  only, 

(<  >  source  control  and  sediment  removal /containment ,  and  (d)  areas  that  are 
expected  to  recover  to  levels  below  threshold  bv  natural  processes.  Dredging 
is  a  likely  remedial  method  for  problem  groups  (b)  and  (e).  In  addition. 
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intensive  navigation  in  the  Bay's  industrial  waterways  routinely  requires  re¬ 
moval  of  contaminated  sediments  that  may  fall  below  (and  occasionally  above) 
the  action  threshold  level. 


By  agreement  with  WDOE,  the  Seattle  District,  Corps  of  Engineers,  ana¬ 
lyzed  alternative  dredging  methods  and  equipment,  disposal  methods  and  sites, 
and  site  control  and  treatment  practices  that  may  be  applied  to  Commencement 
Bay  sediments  (Phillips,  Malek,  and  Hamner  1985).  Concurrently,  the  US  Army 
Engineer  Waterways  Experiment  Station  (WES),  working  with  the  Seattle  Dis¬ 
trict,  developed  a  decisionmaking  framework  to  specify  testing  requirements 
and  methods  and  provide  guidance  on  interpreting  and  evaluating  test  results 
to  determine  whether  management  restrictions  are  needed  to  dredge  or  dispose 
of  the  material  (Lee  et  al.  1985).  This  paper  discusses  select  results  of  the 
alternatives  analysis,  briefly  overviews  the  decisionmaking  framework,  and 
identifies  a  number  of  management  issues  associated  with  dredging  and  disposal 
of  contaminated  sediments. 


ASSESSMENT  OF  DREDGING  AND  DISPOSAL  METHODS 


Primarily  an  assessment  of  existing  information,  the  alternatives  analy¬ 
sis  for  Commencement  Bay  was  based  on  three  evaluation  factors:  (a)  cost  of 
each  alternative,  (b)  degree  of  contaminant  confinement  and  release  resulting 
with  each  alternative,  and  (c)  considerations  and  limitations  specific  to  each 
alternative  (e.g.,  equipment  and  site  availability,  method  efficiency,  equip¬ 
ment  depth  limitations,  sociopolitical  concerns,  and  other  indicators  of  prac¬ 
ticability).  Characteristics,  operational  considerations  and  control,  and 
equipment  considerations  and  modifications  for  dredging  contaminated  sediments 
were  described  for  each  dredging  alternative. 

The  two  basic  types  of  dredges  addressed,  hydraulic  and  mechanical,  were 
evaluated  in  terms  of  contaminant  loss  during  dredging.  Special-purpose 
dredges  (many  developed  in  Japan)  that  have  been  designed  for  contaminated 
sediments  were  included  in  the  hydraulic  dredge  category.  Three  generic 
disposal  methods  for  contaminated  sediments,  confined  aquatic,  upland,  and 
nearshore,  were  examined  in  terms  of  their  strengths  and  weaknesses  in 
successfully  containing  various  contaminant  classes. 

Chemical  constituents  associated  with  sediments  are  unequally  distributed 
among  different  chemical  forms  and  sediment  phases  depending  on  the  physical- 
chemical  conditions  in  the  sediments  and  the  overlying  water.  When  contami¬ 
nants  introduced  into  the  water  column  become  fixed  into  the  underlying  sedi¬ 
ments,  they  rarely  if  ever  become  part  of  the  mineral  structure  of  the 
sediment.  Instead,  these  contaminants  remain  dissolved  in  the  sediment  in¬ 
terstitial  water  (pore  water),  become  sorbed  to  the  sediment  ion  exchange 
portion  as  ionized  constituents,  form  organic  complexes,  and/or  become  in¬ 
volved  in  complex  sediment  oxidation-reduction  reactions  and  precipitations. 
Dredging  of  contaminated  sediments  causes  short-term  loss  of  contaminants  from 
gas,  interstitial  water,  or  solid  phases.  The  dredging  method  also  influences 
long-term  contaminant  losses  at  the  disposal  site. 

Contaminated  confinement  and  release  during  dredging  and  disposal  were 
addressed  in  terms  of  three  generalized  contaminant  classes:  volatile, 
soluble,  and  sed iment-nound .  These  classes  refer  to  the  phase  (gas,  liquid, 
solid)  for  which  a  contaminant  has  greatest  affinity  and  in  which  relatively 
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higher  concentrations  might  be  expected  during  the  dredging  and  disposal  pro¬ 
cess.  The  authors  recognized  that  contaminants  will  partition  and  move  be¬ 
tween  these  phases  to  differing  extents  based  on  a  number  of  factors.  The 
classification  was  used  solely  as  a  basis  for  comparing  dredging  and  disposal 
alternatives  using  existing  data  and  information.  No  specific  list  of  con¬ 
taminants  was  developed. 


Dredging 


In  Puget  Sound,  dredging  normally  occurs  for  one  of  three  objectives: 

(a)  maintenance  or  construction  for  navigation  purposes  (the  most  common) ; 

(b)  projects  where  the  dredged  material  is  sought  as  fill;  and  (c)  for  sedi¬ 
ment  cleanup  efforts.  While  much  of  the  marine  sediments  in  Puget  Sound  are 
relatively  clean,  dredging  of  contaminated  sediments  is  common  in  the  urban 
embayments.  Dredging  objectives  for  Commencement  Bay  include:  (a)  Federal 
channel  dredging  about  every  10  years;  (b)  a  large  (2  million  cubic  yards) 
waterway  fill  project  proposed  for  port  development;  and  (c)  Superfund  con¬ 
taminated  sediments  removal. 


Characteristics  of  the  dredges  evaluated  are  summarized  in  Table  1. 
Evaluated  on  the  basis  of  sediment  resuspension  at  the  dredge  site,  special- 
purpose  hydraulic  dredges  (e.g.,  the  Oozer  dredge)  produce  less  resuspension 
than  conventional  hydraulic  dredges,  and,  with  the  exception  of  hopper  dredge 
overflow,  conventional  hydraulic  dredges  produce  less  resuspension  than  con¬ 
ventional  mechanical  dredges.  While  mechanical  dredges  do  not  produce  a 
slurry,  c<  aventional  hydraulic  dredges  produce  abundant  slurry  water;  special- 
purpose  dredges  fall  somewhere  in  between.  In  addition,  hydraulic  dredges 
produce  less  resuspension  of  solids  at  the  dredging  site  and  have  a  higher 
removal  efficiency  for  liquids  and  solids  than  do  mechanical  dredges.  How¬ 
ever,  using  a  hydraulic  dredge  to  obtain  high  removal  efficiency  at  the  dredg¬ 
ing  site  involves  a  trade-off  requiring  consideration  of  effluent  quality  and 
potential  treatment  at  the  disposal  site. 


There  is  no  hard  and  fast  rule  to  selection  of  the  "correct  dredge." 
Different  dredging  methods  appear  more  appropriate  for  certain  contaminant 
classes.  If  concern  exists  for  loss  of  volatile  contaminants  during  dredging, 
mechanical  dredges  perform  better  than  hydraulic  dredges.  For  sediment-bound 
contaminants,  removal  efficiency  is  greater  using  hydraulic  dredges  than 
mechanical  dredges  and  appropriate  technology  exists  to  control  solids  at  the 
disposal  site.  Soluble  contaminants  can  be  removed  more  efficiently  by  a 
hydraulic  dredge,  but  are  difficult  to  control  at  the  disposal  site  and  mav 
require  treatment  of  the  effluent.  Mechanical  dredges  using  a  watertight 
bucket  offer  an  alternative  to  the  water  treatment  concern  by  eliminating  or 
reducing  the  slurry,  but  could  necessitate  double-handling  for  some  disposal 
opt  ions . 


A  variety  of  modifications  to  dredging  equipment  and  operation  are  appro¬ 
priate  when  dredging  contaminated  sediments.  Dredge  equipment  mod i i icat ions 
that  appear  most  promising  for  hydraulic  dredges  include  the  walking  spud, 
ladder  pumps,  in-line  production  meters,  and  degasser  collection  and  treatment 
(in  the  dredge  furnace)  system.  Use  of  large,  watertight  buckets  appears 
promising  for  mechanical  dredges.  Operational  mod i f i ca t ions  for  hydraulic 
cutterhead  dredges  include  minimizing  cutter  revolution  speed,  controlling 
swing  speed,  and  not  overdigging  the  maximum  cut  depth.  For  mechanical 
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dredging,  sweeping  the  bottom  with  the  bucket,  and  digging  fine-grained  sedi¬ 
ments  from  underneath  (heavy  buckets  penetrating  through  soft  surface  mate¬ 
rials)  are  practices  to  be  avoided. 

Short-term  losses  of  soluble  contaminants  represent  the  key  factor  in  se¬ 
lecting  dredge  type.  These  losses  can  be  estimated  by  assuming  a  slow  rate  of 
contaminant  transfer  between  phases  during  dredging  and  using  a  modified  elu¬ 
triate  test.  For  hydraulic  dredging,  test  results  can  predict  weir  concentra¬ 
tions  (total  and  dissolved)  expected  for  a  given  site,  and  predicted  values 
can  be  compared  against  decisionmaking  criteria  with  or  without  consideration 
of  dilution  in  the  receiving  waters.  It  is  more  difficult  to  predict  losses 
for  mechanical  dredging.  Bucket  size,  sediment  characteristics,  and  other 
job-specific  factors  will  influence  the  actual  losses  in  the  field.  As  a 
usual  rule,  for  dredging  large  volumes  of  low-level  contaminated  sediments 
where  a  low  percentage  of  the  contamination  is  soluble,  hydraulic  dredging 
with  particulate  control  will  provide  greater  confinement  per  given  cost  than 
will  mechanical  dredging  with  watertight  equipment.  As  the  percentage  of  sol¬ 
uble  contaminants  increases,  the  "conf inement-per-cost"  indicator  will  begin 
to  favor  the  mechanical  approach. 
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Most  projects  will  contain  all  three  classes  of  contamination.  In  terms 
of  overall  contamination,  sed iment -bound  contaminants  usual Iv  represent  the 
bulk  of  the  contamination,  suggesting  use  of  hvdraulic  equipment  for  maximum 
recovery  and  extraction  efficiency.  The  amount  of  volatiles  that  may  be  lost 
during  dredging  is  not  likely  to  be  a  source  of  major  concern  in  manv  projects. 
As  the  types  and  amount  of  solub  1  e  ,  or  eas  i  1  y  so  1  ub  i  1  i  zed  ,  con  taminants  _irv- 

crease  in  a  sed i mei it  to  he  dredged,  greater  consideration  should  be  given _ to > 

the  cost  and  environmental  impact  of  median  i  cal  dredging  with  watertight  equip¬ 
ment  relative  to  that  of  hydraulic  d r e d g i n g  a n d  water  treatment  at  the  d i spo- 
sa 1  site . 

I'  i  spns.i  1 

1  here  are  four  basic  options  for  disposal  ot  dredged  material  :  open 
water,  unconi  ined;  confined  aqu.it  i(  ;  nearshore ;  and  upland  <  Figures  and  ft. 
('pen  water,  uncoil!  ined  disposal  is  the  historic,  traditional  practice  for 
navigation  dredging  in  Puget  Sound;  the  other  three  are  coni  ined  options, 

1  "ill  ined  aquatic  disposal  involves  t  fie  placement  ot  cleaner  sediment  -  over 
more  con  t  am  i  na  t  ed  sediments  (tapping  i  to  i  so  late  the  cor.  t  an- i  n.t  t  ion.  Pledged 
"  iterial  a’s,.  can  be  placed  in  nea  r  shore  or  upland  disposal  sites  within  on- 

lining  (fire1.  it  is  import  ant  to  remember  t  hat  there  are  tricle-ot:  .  anti  envi¬ 

ronmental  i  ■  nsequeijges  to  all  tour  options.  figures  .  and  >■  !  .  w  t  lie  r.a  >  t 
pathways,  or  route1  ot  ettect,  that  sediment  contamination  can  tare.  -  ultima - 
rived  in  Table  ,  the  first  three  pathways  involve  water  loss,.;  .  !•:  inert 

water  discharged  f  rotr  the  site  during  actual  dredging.  Fun.  f  !  is  ■  i  :■  i  i  a  t  in 
tfiat  it  is  surface  water  dischargee]  Iron  a  nearshore  t  upland  site  re  siting 
from  rainfall  or  pore  water  extruded  during  *  ed  iment  ,  .itiv!  id.it  i-u,  ..Me?  .!  r.-dg- 
i  rg  i  s  completed.  Leachate  is  has  i  <  a  1  1  v  ground-water  seep, eg.  ,  ag.ii:  iMer 

completion  ot  dredging.  in  leachate,  contaminants  can  * .  with  the  va*  or 

t  i  . e .  ,  convection)  of  then  cap  move  through  the  water  (  j  . e .  ,  . 1  ;  M  us i on  ‘  . 

Plants  and  an  i  r;a  1  s  also  can  uptake  and  distribute  .  on  t  am  i  n  ,  t  i  <  n  ,  a-  well  ,e 
suffer  adverse  effects;  directly.  fine-grained  particle,  are  known  t  .  «  >t  r  v 

the  greatest  percentage  ot  con  t  am  i  na  t  l  ■  >n  and  otter  ■  .•»:  r.d  ■;  >  u  g.-nded  -  ids 

results  in  excellent  control  ot  contaminants. 


i  >  'ii  t  air  i  nan  t  mo 


UPLAND 


PRECIPITATION 


VOLATILIZATION 


BIOTURBATION 


CAP  (3-6  FEET)  □ 
a 


GROUND! 
WATER  \ 


<^.NF.LTRAT.ON 

UNSATURATED^/conTAMINATED 
SATURATED P\  SEDIMENTS 

A- 


LEACHATE 


SEEPAGE 


SOLUBLE 
CONVECTION 
,  VIA  TIDAL 
PUMPING 
-  LOW  TIDE 

K  SOLUBLE 
)  DIFFUSION, 

V  SEEPAGE 


EXISTING 

BOTTOM 


TABLE  J. 


■  f  1  i".  rA.1-' 


PATHWAY 
YOh  :  :  m 


Water  losses 
E£ 1 luent 
Runot f 

Leachate  -  soluble  di! Jus  ion 
-  soluble  convection 


Uptake 


-  plants 

-  animals 


Particulates  -  during  dredging 
-  eft  luent  runot' t 


Volatilization 


volatilize  to  air.  These  processes  are  of  ditterent  re ! at i ve  importance  m 
different  disposal  environments;  and  to  confound  ratters  lurcher,  different 
classes  of  contaminants  will  behave  differently  in  ditterent  environments. 

Each  assessment  is,  therefore,  sediment-  and  env  i  ronment-cpec  i  i  ic  . 

Contaminant  mobility  implies  a  quantifiable  rate  process  and  1  ^  a  : unc¬ 
tion  of  the  chemical  species,  the  solvent  (water),  the  tvpe  of  soil  sediment 
matrix,  the  physical  state  of  the  system,  chemical  concent r, it  ion  levels,  and 
certain  geometric  factors.  These  factors  are  shown  in  Table  1. 

Nearly  all  chemical  contaminants  are  soluble  to  some  degree;  the  degree 
of  solubility  depends  on  a  variety  of  factors  and  can  change  as  specific  con¬ 
ditions  are  altered  by  the  act  of  dredging,  during  transport  of  the  dredged 
material,  during  its  discharge  into  the  disposal  site,  and  following  its  dis¬ 
posal.  The  first  three  actions  occur  during  a  very  short  time  frame  and  their 
influence  on  contaminant  mobility  is  relatively  instantaneous.  long-term  con¬ 
dition  changes  and  effects  on  contaminant  phase,  particularly  with  regard  to 
solubility,  are  of  greater  complexity. 

A  percentage  of  the  potentially  soluble  contaminant  fraction  will  be  in 
solution  in  the  sediment  interst.tial  water.  The  remainder  will  be  bound  to 
sediment  particles.  Thus,  an  equilibrium  exists  within  the  sediment  phase, 
with  the  fraction  of  chemical  contaminant  potentially  available  for  short-term 
release  during  dredging  or  disposal  operations  approximating  the  interstitial 
water  concentrations  and  the  loosely  bound  fraction  in  the  sediments. 

Once  deposited  at  the  disposal  site,  retention  of  soluble  corraminarts 
becomes  difficult  to  assess.  Contaminant  tractions  that  were  tight’-  ’-ound  to 
the  sediment  particles  can,  over  time  and  due  to  iltering  conditions,  become 
more  prone  to  go  into  solution.  This  is  otter  the  case  ‘or  Lenvv  met  a  1 r  when 
placed  in  upland  disposal  sites.  Under  saturated  cond  i  t ions ,  many  metals  re¬ 
main  tightly  bound  to  the  sediments.  in  unsaturated  cot  <!  i  t  ior>s  where  oxida¬ 
tion  can  occur,  these  contaminants  can  become  m--re  soluble  and  nav  read::-, 
leach  to  surface  runoff  or  ground  water  peroolut  in.*  through  ti.t  -uteri  a  1  . 
Changes  in  pH  have  similar  implications  :  or  ■  ther  compound s . 


r AH!  V 


¥  A.  T:lks  kK  FVANT  Th  I  i  >\< I  i-  k.V  .  •  !  A.M  I \AN  ! 

¥ ;  i  ;  :"i  »\  son  sn*ivf \  •  \ v  i  si  •nmf n  :  s 


1  hem  1 1  . 1 1  spti  i  e  s 

M  I  i-o.lar  weight  and  chemical  structure 
Solubility  in  water  and  vapor  pressure 
I’ilTusivitv  in  water  and  in  pore  gas 
Partition  coeitioients  and  "enrv's  constant 

Solvents  (pore  water  and  pore  gas) 

Molecular  weight  of  water  and  gas 

’I'ncentr.it  icm  and  partial  pres-sure  ot  other  species 

Soil  sediment  ma  t  r i > 

Porositv  'micro,  macro) 

ora  in  size  (average  and  standard  deviation) 
Permeability  (water  and  gas) 

Organic  fraction  and  ion  exchange  capacity- 
Water  content  i for  soil) 

Tor  tuos  i  t  v 

l.eve  I  and  depth  ot  bioturhation 
fluid  properties 

Temperature,  pressure,  and  phase  f 1 1 .  L,  S) 

Water  flow  rate  and  direction 
has  flow  rate  and  direction 

Total  contaminant  concentration  level 

Low:  50,000  ppm  (wt) 

High:  51),  000  ppm  (wt ) 

Geometric  factors 

Length  ot  diffusion  and  convection  pathways 
hover  layer  depth 
Disposal  cell  dimensions 


In  aerobic  disposal  environments,  factors  discussed  above  mav  have  an 
even  more  pronounced  effect  on  contaminant  release.  Brannon  (1983)  reported 
that  sediments  high  in  total  sulfur  content  and  low  in  CaCO^  equivalent  con¬ 
centrations  generally  attained  the  lowest  leachate  pH's  when  incubated  in  an 
aerobic  environment.  Sulfide  oxidation  to  sulfates  with  consequent  formation 
of  sulfuric  acids  is  one  mechanism  postulated  for  this  pH  drop.  In  sediments 
from  Seattle,  Washington  (total  sulfide:  1,214  ppm),  incubated  under  aerobic 
conditions,  pH  dropped  from  8.2  to  b.h  in  1  month,  to  5.5  in  3  months,  and  to 
4.!  in  h  months  of  observation  (Brannon  i983).  Arsenic  release  from  these 
sediments  was  associated  with  the  pH  drop.  Aerobic  disposal  also  affects  or¬ 
ganic  contaminants:  decay-  of  T()<"  in  upland  disposal  sites  can  change  the  mo¬ 
bility  o:  these  contaminants. 

A  comparison  of  the  effectiveness  of  the  three  confined  disposal  methods 
is  provided  in  Table  4.  Soluble  contaminants,  or  contaminants  witli  the  great¬ 
est  potential  to  go  inti-  solution  under  certain  conditions,  are  of  highest 


TABLE  4.  COMPARISON  OF  DISPOSAL  METHOD  FFFFCT I  VF.NESS 


I)  isposa  1 
Method 

Relat ive 
t.eoc  hem  i  ca  1 

F f  feet  on 

Contaminant 

Mob i 1 izat ion 

Relat  ive 
Magnitude  of 
Contaminant 
Transport 
Mechanisms 

Ava i lab  1 e 
Control/ 
Treatment 
Opt  ions 

Relative 
Environmental 
Risks  from 
Contaminant 
Release 

Conf ined 
aquat  1c 

Low 

Diffusion:  high 

Convection:  medium 

Bioturbat ion :  varies 
Erosion:  Medium 

Few 

Low  due  to 
dilution 
(ecological 
risk) 

Up  land 
conf lned 

High 

Diffusion:  low 

Convection:  low 

Bioturbat ion :  varies 
Erosion:  low 

Volatilization:  high 

Many 

Varies  by 
contaminant 
(human  health 
risk) 

Nearshore 
conf  ined 

High  in 
unsaturated 
zone;  medium 
in  saturated 

zone 

Diffusion:  high 

Convection:  high 

Bioturbation:  varies 
Erosion:  low 

Volatilization:  high 

Some 

Medium 

(human  health 
and  ecologi¬ 
cal  risks) 

concern  because  these  are  less  readily  contained.  In  general,  open-water 
sites,  especially  those  in  deep  water,  have  fewer  transport  mechanisms  (e.g., 
air  is  absent)  than  upland  sites  and  are  geochemically  more  similar  to  in  situ 
conditions  at  the  dredging  site.  Nearshore  sites  have  the  most  transport 
routes  available  and  are  located  in  a  very  active  environment.  Control  of  the 
releases  and/or  concern  with  the  effects  of  the  release  must  be  considered. 

For  example  open-water  disposal  allows  for  very  limited  control  of  releases 
other  than  cap  or  liner  thickness;  the  relatively  stable  physicochemical 
environment  retards  contaminant  mobility  and  encourages  a  constant,  gradual 
release  to  the  overlying  water  body,  especially  once  a  cap  has  been  saturated 
by  migrating  contaminants.  The  levels  of  contaminants  released  will  be  low 
(possibly  unmeasureable)  and  will  be  diluted  by  the  overlying  water.  The  risk 
of  significant  damage  in  this  environment  is  low  and  would  not  likely  affect 
human  health.  Upland  disposal,  on  the  other  hand,  allows  for  the  greatest 
control,  through  design  considerations,  monitoring  capabilities,  backup  con¬ 
taminant  intercept  systems,  and  treatment  facilities.  However,  environmental 
risks  may  be  higher  than  in  open  water  because  of  proximity  to  ground  water 
and  potential  human  health  concerns.  The  nearshore  disposal  option  allows  for 
some  greater  control  of  contaminants  than  in  open  water,  but  many  fewer  than 
are  available  in  an  upland  situation.  In  addition,  the  risks  to  the  environ¬ 
ment  and  to  human  health  often  include  both  those  of  open-water  and  upland 
sites. 

Site  Control  and  Treatment  Methods 


TABLE  5.  APPLICABILITY  AND  UTILITY  USE  OF  VARIOUS  CONTROL  AND  TREATMENT 
ALTERNATIVES  FOR  CONTAMINATED  SEDIMENTS  IN  COMMENCEMENT  BAY 
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This  table  illustrates  that  the  degree  of  site  control  and  the  number  of 
available  treatment  options  decreases  from  upland  to  nearshore  to  open-water 
disposal.  This  decreasing  control  is  translated  into  reduced  opportunities  to 
design  additional  treatment  measures  that  would  prevent  uncontrolled,  sudden, 
or  accelerated  contaminant  release  into  the  environment  and/or  to  avoid  the 
extreme  expense  ot  sediment  removal  and  relocation. 

Dredging  .anti  Disposal  Summary 

For  hvdraulic  dredging,  the  relative  importance  ot  losses  at  various 
times  and  t rom  various  phases  during  the  sediment  handling  process  is  listed 
below  in  order  of  decreasing  importance. 

a.  Short-term  loss  ot  sediment  and  water. 

b.  long-term  loss  ot  water. 

c.  Short-term  loss  of  volatiles. 

d.  long-term  loss  of  volatiles. 

e.  !.ong-term  loss  of  sediment. 

Normal lv,  disposal  will  result  in  greater  short-term  loss  of  sediment  and 
water  than  will  dredging.  Based  on  the  above  ranking  ot  importance,  short¬ 
term  sediment  and  water  loss  during  disposal  will  be  the  first  consideration 
and  the  basis  tor  selecting  disposal  method  and  treatment  level.  Concur¬ 
rently,  hut  on  a  secondary  basis,  the  contribution  of  dredging  to  this  loss 
should  he  evaluated.  1'he  next  subsequent  step  should  he  selecting  appropriate 
treatment,  monitoring,  and  remedial  response  to  address  long-term  loss  of 
waterborne  contaminants.  Consideration  of  items  c  -  e  above  would  depend  on 
sediment  and  site-specific  conditions.  For  mechanical  dredging,,  short-term 
loss  oi  sediment  and  water  and  long-term  loss  of  water  1 rom  the  disposal  site 
(tor  upland  or  nearshore  sites)  mav  he  equally  important.  The  proportion  of 
partially  soluble  contaminants  in  disposed  sediment  that  is  available  lor 
later  leaching  is  increased  relative  to  that  in  hydraulically  dredged  sedi¬ 
ments.  The  amount  ot  sediments  and  easily  soluble  contaminants  lost  at  the 
extraction  end  is  also  increased  relative  to  hydraulic  dredging.  However,  the 
use  or  watertight  buckets  mav  reduce  this  loss  substantially. 

PAR  rm ON  INC 

Assessing  contaminant  loss  during  dredging  and  disposal  usually  involves 
estimating  the  portion  oj  the  contaminants  that  might  he  found  in  the  sediment 
interstitial  water.  While  the  preferred  approach  to  this  issue  is  to  deter¬ 
mine  the  portion  empirically,  through  direct  testing,  it  is  also  possible  to 
theoret  i ra 1 1 v  calculate  the  soluble  portion  via  application  oi  chemical  parti¬ 
tioning  roe t t  i c i en t s  ,  as  a  wav  to  f  lav  potential  problems  and  identity  contam¬ 
inants  of  concern  I  or  a  given  project. 

Chemical  phase  partitioning  information  applied  to  select  contam inant s 
: rom  1  <>mmen cement  Bav  sediments  has  been  used  to  illustrate  one  approach  to  a 
m  reening  assessment  •>*  contaminated  sediments.  Wh i 1 e  the  evaluation  is  use¬ 
ful  as  screening- 1  eve  1  information,  it  must  he  emphasized  that  the  values  are 


highly  variable  and  that  present  state  ol  the  art  cannot  provide  reliable  pre¬ 
dictions  of  contaminant  behavior  or  effects  without  sed imen t -spec i f i c  fists. 
Fquilibrium  in  chemical  partitioning  is  often  not  present  or  maintained  dur¬ 
ing  dredging,  such  that  kinetics  must  also  be  considered.  Furthermore,  while 
estimates  of  contaminant  loss  in  the  short  term  (during  dredging,  transport, 
and  initial  disposal)  are  possible,  verified  predictive  techniques  for  long¬ 
term  losses  are  not  available.  This  further  emphasizes  the  need  to  include 
long-term  monitoring  and  remedial  response  capability  as  an  integral  design 
component  for  disposal  of  contaminated  sediments. 

Fa r t i tionlng  of  Metals 

Kxample  Commencement  Bay  sediment  chemistry  is  shown  in  Table  6.  Metals 
in  sediment  can  be  partitioned  to  numerous  forms  of  varying  mobilitv,  persis¬ 
tence,  and  bioavailability.  Gambrell,  Khalid,  and  Patrick  197b  list  the 
following  potential  metal  forms: 

a.  Soluble  free  cations. 

b.  Soluble  organic  or  inorganic  complexes. 

c  .  Kasilv  exchangeable  cations. 

d.  Free  ipitates  of  metal  hydroxides. 

e.  Frecipitates  with  ferric  oxyhydrox ides . 

f.  Insoluble  organic  complexes. 

g.  Insoluble  sulfides. 

h.  Residual  metals. 


Brannon  et  al.  1976  describe  a  selective  extraction  protocol  that  proce- 
durally  defines  metal  pools  by  their  relative  extractabi 1 ity .  They  suggest 
that  short-term  metal  losses  during  dredging  and  initial  disposal  are  likely 
related  to  the  soluble  (interstitial  water)  and  easily  solubilized  (exchange¬ 
able  phase)  metal  forms,  the  two  metal  phases  most  easily  extracted  in  their 
procedure . 

Dredging  and  disposal  of  sediments  can  influence  the  mobilitv  ol  metals 
bv  changing  basic  factors  that  govern  their  phase  partitioning  such  as  pH  and 
redox  potential.  The  dredging  process  may  influence  these  regulating  pro¬ 
cesses  in  opposing  directions.  For  example,  most  sediments  found  in  the  (om- 
mencement  Bay  waterways  are  low  in  oxygen  content  and  consequently  reduced. 

The  dredging  process  often  removes  the  sediments  to  oxidizing  environments  and 
or  introduces  oxygenated  water.  The  presence  of  sulfide  under  reduced  condi¬ 
tions  will  precipitate  divalent  metal  sulfides,  resulting  in  verv  low  solubil¬ 
ity.  Sulfides  will  oxidize  under  aerobic  conditions,  possibly  releasing  heavv 
metals.  On  the  other  hand,  metals  mav  he  present  in  higher  concent  rat  ions  in 
sediment  interstitial  waters  under  reduced  conditions  due  to  reduction  of  iron 
and  manganese  hydrous  oxides  which  tend  to  sorb  or  coprecipitate  metals  under 
oxidized  conditions  (Khalid  et  al.  19/S).  Which  of  these  two  f.otors  will 
predominate  is  specific  to  a  given  sediment  and  dredging  project. 
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<  iven  the  number  ot  variables  that  influence  metal  partitioning,  esti- 
mates  for  the  <  ommencement  bav  sediment  presented  below  are  based  on  represen¬ 
tative  values  derived  empirically  from  other  projects.  Brannon  et  al.  (lR7b) 
report  values  tor  soluble  and  exchangeable  phase  (easily  removed  from  sedi¬ 
ment'  metals  from  various  sediments  collected  around  the  Inited  States. 
Kepresent.it  i  ve  values  for  use  with  the  Commencement  Bay  sediment  and  the 
ranges  of  values  seen  in  the  Brannon  et  al.  project  report  are  shown  in 
1  ah ! e  7 . 
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For  tlit-  example  sediment,  Table  8  snows  that  copper  sediment  concentra¬ 
tions  or  ppm  would  translate  into  0.57  ppm  in  the  soluble  plus  ex¬ 

changeable  phase,  assuming  that  a  linear  relationship  exists  between  total 
metal  concentrations  and  their  respective  concentrations  in  the  soluble  plus 
exchangeable  phase.  For  zinc  and  arsenic,  combining  information  in  Tables  h 
and  provides  estimates  or  I  t. .’8  ppm  of  zinc  and  29.1  ppm  of  arsenic  in  the 
soluble  and  exchangeable  phase. 


TABLE  8.  C  ASK  STT'DY  PARTITION  I Nt,  VALUES’ 
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hulk  sediment  concentration. 

hulk  concentration  normalized  to  TOC  content  of  sediments, 
estimated  interstitial  water  concentration, 
interpretive  standard  or  reference  concent  rat  ion . 


’artitioning  of  Organic  Contaminants 


B 1  om  et  al.  (,187b)  reported  seeing  no  evidence  that  TOC  in  a  sediment  di 
recti v  controlled  release  of  metals  during  dredging,  as  no  positive  correla¬ 
tions  between  metals  release  and  TOC  or  soluble  organic  carbon  were  observed. 
For  many  organic  contaminants,  however,  TOC  appears  to  plav  a  central  role  in 
contaminant  release  and  availability.  Pavlou  and  Weston  (1884)  report  that 
the  variability  in  interstitial  water  concentrations  of  nonpolar,  organic  con 
tnminants  is  a  I  unction  of  sediment  TOC  and  not  hulk  sediment  concentration. 
Consequently,  a  first-step  estimation  ol  interstitial  water  concentrations  is 
possible  hv  assuming  thermodynamic  equilibrium  and  using  hulk  sediment  chemis 
trv,  TOC  content,  and  ii  ‘ormation  on  the  partitioning  coefficient  of  ea< 
contaminant.  Marv  ol  the  necessary  coefficients  are  available  in  the  litera¬ 
ture;  ,i  summary  of  organic  carbon-water  partitioning  coefficients,  K  for 

oe 

the  example  sediment  chemicals  is  provided  in  Table  8.  For  the  values  shown 
in  Table  8,  hulk  sediment  concentr.it  i.rns  were  first  normalized  to  TOi  content 
and  then  interstitial  water  concent  rat  ions  were  estimated  using  K  values 
from  Table  8.  "l 


TABLE  9.  PARTITIONING  COEFFICIENTS  FOR 
ORGANIC  CONTAMINANTS 


Contaminant 

K 

oc 

Hexachlorobutadiene 

? ,  000 

PCB  (2-6) 

1 

o 

C 

sD 

•<r 

Pheno 1 

24 

I. MW  PAHs 

Acenaphthene 

4,700 

Naphthalene 

890 

Acenaphthv lene 

3,900 

Anthracene 

7,400 

Phenanthrene 

9,300 

Fluorene 

4,800 

x  =  5,098 

HMW  PAHs 

Fluoranthene 

4  5 , 000 

Benzo(a)anthracene 

37,000 

Benzo ( a ) pyrene 

300,000 

Benzo ( b ) f 1 uoran thene 

500,000 

Benzo (k) f 1 uoranthene 

840,000 

Chrvst  ie 

77,000 

Benzo (g ,h , i) Perv 1 ene 

1,800,000 

Dibenzo(a,h)antbracene 

180,000 

I  deno  (  1  , ,  3-c  ,  d )  pvrene 

4, 100,000 

Pvrene 

33,000 

x  =  789,200 

Te  t  rach 1 oroe thv 1 ene 

200 

B ioava  i  I  .-ill  i  I  i  tv 

McFarland  (1984)  reports  that  is  Is  theoretically  possible  to  predict  the 
potential  maximum  level  of  bioaccumulation  resulting  in  an  organism  from  a 
given  sediment.  Proposed  as  a  first-level  screening  device  to  identify 
important  compounds  and  sediments  worth  further  evaluation,  the  technique 
calculates  thermodynamic  bioaccumulation  potential  in  lipid  content  of  an 
organism  based  on  bulk  sediment  contaminant  concentration,  TOC  content,  and 
partitioning  coeflicient  equations.  Using  this  technique  for  the  PCB  levels 
in  the  example  sediment  would  show  the  following: 

a.  1‘GB  bulk  sediment  concentration  =  26  ppb. 

b .  r<><  =  8.8)  pe  rcen  t . 

c.  Assumed  lipid  content  in  animal  muscle  =  5  percent. 


d.  TBP  (thermodynamic  h  ioaccumu  lnt  ion  potential  in  lipid)  = 

(2h  ppb/8.83  percent) /0. 52  (equation  from  McFarland  (1984)). 

Streeni n  g  Asse ssment 

Data  on  soluble  and  exchangeable  forms  of  metals,  such  as  that  summarized 
in  Table  8,  coupled  with  elutriate  test  results,  can  provide  the  basis  for 
assessing  potential  contaminant  losses  in  the  water  during  dredging  and  ini¬ 
tial  disposal.  Developed  by  use  of  K  values,  the  predicted  water  concentra¬ 
tions  tor  organic  contaminants  can  serve  its  a  basis  for  assessing  potential 
release.  Note  that  indications  of  priority  contamination  ("contaminants  of 
concern")  as  provided  by  bulk  concentrations  are  sometimes  reversed  when  par¬ 
titioning  is  considered  (e.g.,  copper  versus  arsenic,  phenol  versus  low  molec¬ 
ular  weight  PAHs).  These  predictions  can  be  assessed  by  comparing  them  with 
available  interpretive  standards.  These  comparisons,  shown  in  Table  8,  again 
reorder  the  relative  importance  of  various  sediment  contaminants.  Predictions 
on  potential  muscle  concentrations  can  also  be  compared  with  reference  values, 
demonstrated  effects  data,  and/or  other  decision  criteria  to  determine  if  fur¬ 
ther  testing  with  PCBs  is  warranted.  The  two-orders-of-magnitude  difference 
between  the  estimated  value  (28  ppb)  and  interpretive  value  (2  ppm)  for  PCB 
concentrations  provides  a  way  to  weight  the  intensity  of  further  testing  of 
these  sediments. 

The  number  of  missing  interpretive  standards,  and,  in  other  cases,  dif¬ 
fering  standard  values  for  the  same  contaminant,  highlight  the  difficulty  in 
completing  an  assessment  of  dredged  material. 

COST 

Theoretical  (or  empirical)  estimates  of  soluble  contamination  and  bioac¬ 
cumulation  potential  serve  to  emphasize  the  need  for  decision  criteria.  Con¬ 
sideration  of  cost  is  a  second  emphasis  for  the  same  need.  The  Commencement 
Bay  analysis  found  a  very  diverse  array  of  technology  that  could  be  applied  to 
dredged  material  disposal,  including  solids/water  control,  as  well  as  treat¬ 
ment  techniques  and  long-term  management  options.  Table  10  notes  that  in¬ 
creased  control  and  treatment  has  a  proportional  cost  impact.  hooking  at 
detailed  cost  estimates  (Tables  11  and  12),  dredging  can  go  from  $1.50  per 
cubic  yard  to  $9.40  per  cubic  yard  with  addition  of  a  liner,  to  $15.10  per 
cubic  yard  with  chemical  clarification,  and  to  $20.10  per  cubic  yard  with  car¬ 
bon  adsorption.  A  variety  of  advanced  treatment  systems  can  push  costs  even 
higher.  As  expected,  the  critical  issue  becomes  the  appropriate  balance  be¬ 
tween  environmental  protection  and  cost. 

DEC  I S I ONMAK I  NO  FRAMEWORK 

To  improve  interpretation  of  theoretical  or  empirical  contamination  data 
on  dredged  material  and  to  assist  decisions  associated  with  high  cost  of  con¬ 
trol  technology,  a  decisionmaking  framework  was  developed  for  Commencement  Bav 
(Lee  et  al.  1985).  The  framework  is  a  staged  management  strategy  designed  to 
assess,  via  a  number  of  specific  tests  and  interpretive  guidance,  the  need  for 
restrictions  in  dredging  and/or  disposal  and  to  determine  the  appropriate 
level  of  those  needed  restrictions.  It  has  five  overall  steps:  (1)  identify 

the  potential  contaminant  effects  at  the  disposal  site,  (2)  characterize  the 
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Alternat ive 


Cost  ** 


Disposal 

Site  preparation 

-  upland/nearshore 

$500,000+ 

Weir  construction 

-  upland 

$25,000 

-  nearshore 

$35,000 

Diking  -  imported  materials 

$4./cu  yd 

-  onsite  materials 

$  1 . /cu  yd 

Open-water  vertical  diffuser 

-  construction 

$  50 , 000-$ 100,000 

-  operation 

+$ 1 . -2 . /cu  yd 

Offsite  material  transport 

-  truck 

+$.20/cu  yd/mile 

-  barge 

+$.20-.25/cu  yd/mile 

Site  control 

Open-water  capping  material 

$  1 . 40/cu  yd 

Liners  -  soil  (volume) 

$16.29-18. 29/cu  yd 

-  soil  (area) 

$  1 .81-2. 03/sq  ft 

-  synthetic 

$.1 1-1 .50/sq  ft 

Surface  covers 

$1. 27-24. 20/sq  yd 

Underdrains 

$2 , 500/ acre 

Sediment  stabilization 

-  lime 

$10, 000-14, 000/acre 

-  dust  palliatives 

$1 ,000-17,000/acre 

-  water  sprinkling 

$2 ,000/acre 

-  chemical  solidification 

$40/cu  ydt+ 

*  Treatment  costs  not  included  because  of  their  dependence  on  flow  rates  (see 
Tab les  11  and  1 2) . 

**  US  dollars,  January  1984. 

t  Average  for  potential  sites  identified  in  Commencement  Bay.  Includes 
diking  and  weir  costs. 

++  Cost  based  on  proposed  treatment  of  37,000  cu  yd  of  material  in 
Commencement  Bay. 


dredged  material  by  chemical  and  biological  tests,  (3)  identify  any  specific 
contaminant  mobility  problems,  (4)  design  problem  specific  solutions,  and 
(5)  prepare  a  site  management  plan,  including  any  needed  monitoring  and  re¬ 
medial  response. 

Selection  of  dredging  equipment  and  design  of  a  disposal  site  for  a  given 
contaminated  sediment  first  require  specific  tests  to  assess  contaminant  con¬ 
centrations  and  types,  to  estimate  contaminant  release  at  various  points  dur¬ 
ing  the  handling  process,  and  to  predict  contaminant  effects  under  various 
disposal  conditions.  Test  results  are  then  compared  with  predetermined 


TABLE  i 1 . 

TREATMENT  LEVEL 
FOR  NEARSHORE  30 

COST  COMPARISON 

-ACRE  SITE* 

Cost  ($1,000) 

Cost  Component  for 

4-Month 

I'ni  t 
Process 

Cumulative 

Total 

Dredging  1,000,000  cu  vd 

Construe  t ion 

04  M 

1  ,  500 

1  ,  500 

Level  I 

Plain  sedimentation 

5 , 880 

50 

5,930 

7,430 

Chemical  clarification 

214 

220 

414 

7,864 

Fi 1 t ration 

Option  1  -  Pervious  dike 

75 

5 

80 

7,944 

Option  2  -  Sandfill  weir 

Sb 

20 

106 

7,970 

Level  II 

Prec ipitat ion 

869 

464 

1  ,  330 

(Assume 
Option  2 
in  Level  I) 
9,300 

Level  III 

Carbon  adsorption  -  Option 

1  5,000 

495 

5,500 

14,800 

Ozonation  -  Option  2 

1 ,600 

300 

1,900 

16,700** 

Level  IV 

Distillation 

47,850 

4,452 

52,300 

(Assume 
Option  2  in 
Level  III) 
69,000 

Electrodialysis 

24,850 

827 

25,700 

42,400 

Reverse  osmosis 

28,850 

598 

29 , h50 

46,150 

Ion  exchange 

21,350 

987 

22,300 

39,000 

*  Costs  for  site  control  and  treatment  at  a  nearshore  site  cannot  he  directly 
compared  with  costs  for  an  upland  site;  treatment  levels  contain  different 
site  control  options. 

**  Total  cost  includes  Option  1,  carbon  adsorption,  plus  Option  2,  O/.onation. 


standards  or  reference  values  (i.e.,  decision  criteria)  to  determine  where 
predicted  contaminant  behavior  will  require  some  form  of  restriction  or  con¬ 
trol.  The  purpose  of  the  necessary  res  trie t ion (s )  is  to  reduce  (or  eliminate) 
the  contaminant  loss  or  effect  to  an  acceptable  level.  Selecting  an  appro¬ 
priate  restriction  method  often  requires  additional  sediment  testing  as  part 
of  project  design.  Thus,  a  given  sediment  to  be  dredged  may  undergo  several 
different  test  series.  For  sediment  "clean-up"  projects,  these  are  the 
foil  owing : 

a.  Testing  to  determine  in-place  hazard  warranting  cleanup  (is  it  a 
"problem"  sediment?). 


b.  Testing  to  determine  if  restrictions  are  required  to  dredge  and  dis¬ 
pose  the  sediment  in  a  given  disposal  environment.  (These  tests  are 
often  tiered  for  cost  efficiency.) 


TABLE  12.  TREATMENT  LEVEL  COST  COMPARISON 
FOR  NEARSHORE  80-ACRE  SITE* 


Cost  ($1 

,000) 

Cost  Component  for 
Dredging  1,000,000  cu  vd 

Construction 

4-Month 

O&M 

Unit 

Process 

1,500 

Cumulative 

Total 

1,500 

Level  I 

Plain  sedimentation 

15,762 

50 

15,812 

17,312 

Chemical  clarification 

214 

220 

434 

17,746 

Filtration 

Option  1  -  Pervious  dike 

75 

5 

80 

17,826 

Option  2  -  Sandfill  weir 

86 

20 

106 

17,852 

Leve 1  I I 

Precipitation 

869 

464 

1,333 

(Assume 
Option  2 
in  Level  I) 
19,185 

level  III 

Carbon  adsorption  -  Option  1 

5,000 

495 

5,495 

24,680 

Ozonation  -  Option  2 

1,600 

300 

1,900 

26,580** 

Level  I'.' 

Distil  lat ion 

47,850 

4,452 

52,302 

(Assume 
Option  2  in 
Level  III) 
78,882 

K lect  rod  ia 1  vs  i  s 

24,850 

827 

25,677 

52,257 

Reverse  osmosis 

28,850 

598 

29,448 

56,028 

Ion  exchange 

21,350 

987 

22,337 

48,917 

*  i  osts  for  site  control  and  treatment  at  an  upland  site  cannot  be  directly 
compared  with  costs  for  a  nearshore  site;  treatment  levels  contain  different 
-  i  1 1-  emit  rol  opt  ions  . 

**  iutal  cost  includes  Option  I,  carbon  adsorption,  plus  Option  2,  Ozonation. 

c.  leMing  to  select  and  design  the  necessary  restrictions. 

I  able  .  '  shows  representative  costs  for  conducting  the  testing  outlined 
.!  the  decisionmaking  ir.imework.  Not  all  tests  are  needed  for  all  projects; 
tests  ire  • per  if i c  to  the  disposal  environment  being  evaluated. 

Ai’PL  1 1  .AT  1 1  L\‘S  IN  Pl'CF.T  SOUND  EXAMPLES 


Homepert 

o  i  !  :  t  .  t  !  ve  ret  t  ,  Nash  . 

e  '..iv  merit  iv  selected  Iverett,  Wash.,  as  its  preferred  location 
t"  !  ,ret  hat  t  I  e  carrier  group  home  ported  on  Puget  Sound.  Con- 
:  w  mid  it. vi  1  ve  dredging  and  disposal  of  2 .  5  million  cubic  yards  of 
ed i~er  f  *  •  h-epen  the  harbor  and  excavation  of  1.0  million  cubic  yards 
•  >  -  i  e  r  i  v  >  •, :  till  to  recorl  igure  a  mi' 1  e  pier.  In  June  1984,  the  Navv 


contracted  with  the  Corps  to  provide  them  technical  assistance  for  dredging 
and  disposal  of  project  sediments.  Applying  the  Commencement  Bay  approach, 
the  Corps  first  sampled  and  chemically  characterized  project  sediments.  This 
characterization  effort  identified  two  distinct  layers  of  marine  sediments 
that  would  be  disturbed  by  the  Navy's  proposed  dredging:  one  layer  of  organ- 
ically  rich,  fine  sediments  (2  to  6  ft  thick)  overlying  a  layer  of  relatively 
cleaner  "native"  sediment.  The  organic  layer  was  found  to  contain  signifi¬ 
cantly  elevated  levels  of  chemical  contaminants  (metals  and  PAHs)  and  was 
determined  to  be  unacceptable  for  unconfined,  open-water  disposal.  In  the 
Phase  I  report  to  the  N'avy,  biological  testing  was  recommended.  Phase  II 
studies  and  report  concluded  that  the  top  1  to  3  ft  of  the  native  material 
should  be  dredged  and  disposed  with  the  overlying,  contaminated  fraction,  but 
that  the  remainder  of  the  material  appeared  acceptable  for  unconfined  dis¬ 
posal.  Phase  III  studies  are  currently  under  way  at  the  WES  applying  the 
suite  of  tests  previously  described  for  the  Commencement  Bay  decisionmaking 
framework;  these  studies  are  scheduled  to  be  completed  in  mid-1986.  The  Navy 
is  proceeding  with  state  and  Federal  permit  processing  in  order  to  meet  a  very 
tight  construction  schedule.  Their  present  proposal  is  for  confined  aquatic 
disposal  of  the  contaminated  material  (approximately  800,000  cu  yd),  on  a 
f 10- t t -deep  shelf  in  adjacent  Port  Gardner,  using  the  remainder  of  the  project 
material  for  construction  of  the  cap.  Results  of  the  suite  of  tests  will  be 
key  to  permit  dec  is ionmak ing  and  final  design  of  the  Navy's  dredging  and 
disposal  plans. 


i'-uSet  Sound  Oredged  Disposal  Analysis 

The  Commencement  Bay  work  brought  a  number  of  issues  and  options  to 
light;  the  Puget  Sound  Dredged  Disposal  Analysis  (PSDDA)  is  a  study  to  resolve 
the  major  issues  associated  with  navigation  dredging.  A  problem-solving  com¬ 
ponent  of  an  overall  cleanup  program  for  Puget  Sound,  the  PSDDA  study  focuses 
primarily  on  unconfined,  open-water  disposal  of  dredged  material.  Sound-wide 
in  its  perspective,  the  3-year  study  has  three  major  objectives: 

a.  locate  and  designate  sites  for  open-water,  unconfined  disposal  of 
dredged  material. 

b.  Define  evaluation  procedures  for  dredged  material.  These  are  the 
chemical  and  biological  tests  and  test  interpretation  needed  to 
decide  if  dredged  material  is  acceptable  for  open-water,  unconfined 
disposal.  Testing  and  test  interpretation  for  material  requiring 
confined  disposal  will  also  be  covered. 

c.  Tormula,e  site  management  plans  for  these  open-water  sites,  likely 
involvi..,  a  ’  >ngei  ‘erm  and  more  carefully  monitored  approach  to  site 
management  than  used  in  the  past. 

At  the  heart  of  the  PSDDA  process  will  be  several  key  decisions  (shown  in 
Table  14).  These  include  whether  to  continue  open-water,  unconfined  disposal 
shown  as  !;  what  level  of  chemicals  should  be  placed  and  managed  at  these 
sites,  shown  as  II;  and  where  the  sites  should  be  located,  shown  as  Ill.  Ini¬ 
tiated  in  April  1985,  PSDDA  is  due  for  completion  in  April  1988,  with  a  total 
study  budget  of  $3.7  million. 


TABLE  14.  ALTERNATIVES  FOR  THF  PUGET  SOUND 
DREDGED  DISPOSAL  ANALYSIS 


I.  No  unconfined,  open-water  disposal  in  Puget  Sound 

a.  No  dredging 

b.  All  confined  disposal 

II.  Unconfined,  open-water  disposal  in  Puget  Sound 

a.  No  chemical  effects  in  biological  resources 

b.  Minor  chemical  effects  in  biological  resources 

c.  Moderate  chemical  effects  in  biological  resources 

d.  Major  chemical  effects  in  biological  resources 

III.  Alternative  unconfined,  open-water  disposal  site  locations  in  Puget 
Sound 


ISSUES 

Dilution  Versus  Confinement 


The  Superfund  effort  in  Commencement  Bay  has  significantly  heightened 
regional  awareness  of  the  contrasting  management  philosophies  embodied  in  the 
(lean  Water  Act  (CWA)  and  the  Resource  Conservation  and  Recovery  Act  (RCPA) . 

In  the  past,  concern  about  the  environmental  health  of  Puget  Sound  and  its 
effects  on  human  health  concentrated  principally  on  water  quality  considera¬ 
tions  and  standards.  It  was  assumed  that  dilution  would  reduce  pollution 
loading  to  safe  levels  and  that  these  diluted  wastes  would  be  flushed  from  the 
Sound  by  normal  water  exchange  with  the  Pacific  Ocean.  Passage  of  the  CWA  of 
147V  eliminated  direct  sewerage  and  waste  discharges  without  permits  and 
required  greater  treatment  of  municipal  wastes.  Water  quality  criteria  were 
established  for  a  few,  major  compounds  defining  levels  of  pollutants  that 
could  not  be  exceeded.  Research  related  to  regulating  safe  levels  of 
pollutant  discharges  concentrated  on  "mixing  zones"  that  would  ensure  the 
proper  dilution  of  wastes.  Revision  of  the  CWA  in  1977  led  to  increased 
monitoring  and  more  stringent  requirements  for  discharges,  but  brought  no 
changes  to  the  dilution  philosophy. 

KCRA,  passed  in  197b,  established  a  different  philosophy  toward  chemical 
wastes  and  contaminants,  based  on  controlling  the  contaminants  from  their 
creation  to  destruction  (i.e.,  "cradle  to  grave").  Priority  was  given  to  the 
late  of  contaminants,  their  long-term  effects,  liability  of  producers  of  these 
contaminants,  and  the  objectives  of  "ultimate  disposal"  and  maximum  confine¬ 
ment.  Originally  targeted  for  upland  control  of  chemical  contaminants,  RCRA 
makes  no  clear  exception  for  dredged  material  that  is  contaminated.  Research¬ 
ers  and  regulators  began  to  discover  that  dilution  to  maintain  water  quality 
standards  did  not  resolve  the  problem  of  loading  of  chemical  contaminants  into 
marine  waters.  Often  the  contaminants  became  or  remained  bound  to  sediment 
particles  where  thev  were  available  for  uptake  by  aquatic  organisms  and, 
through  the  food  chain,  potentially  by  humans.  In  addition,  other  research 
concluded  that  Puget  Sound  acted  more  like  a  giant  bathtub  whose  water  and 


bottom  sediments  sloshed  back  and  forth  rather  t.ian  flushing  into  the  open 
ocean.  Pollutants  discharged  into  Puget  Sound  tend  to  remain  in  Puget  Sound 
and  over  the  years  chemical  contaminants  have  accumulated  in  urban  embayments 
and  are  apparently  causing  histopathological  and  visible  pathological  abnor¬ 
malities  in  local  biota. 

Water  Quality  Versus  Sediment  Quality 

Studies  by  the  National  Oceanic  and  Atmospheric  Administration  (e.g., 
Malins  et  al.  1984)  were  the  first  indicators  that  sediments,  rather  than 
water  quality,  constituted  a  problem  potentially  affecting  the  health  of  Puget 
Sound.  The  evidence  strongly  indicates  that  protection  of  water  quality  via 
application  of  water  quality  criteria  to  the  water  column  does  not  appear  to 
be  the  best  approach.  Dredging  rarely  violates  Federal  water  quality  criteria 
in  the  water  column.  Kven  the  most  contaminated  sediments  are  unlikely  to  do 
so  because  the  contaminants  are  predominantly  bound  to  particles.  So  sedi¬ 
ments  are  being  contaminated  even  in  the  absence  of  water  quality  criteria 
violations. 

With  evidence  of  chemical  contaminant  enrichment  and  apparently  related 
biological  degradation  at  several  deep  water  disposal  sites  in  Puget  Sound, 
questions  and  concerns  have  been  expressed  by  agency  personnel  and  the  public 
over  the  contaminant  levels  in  dredged  material  destined  for  disposal  in  Puget 
Sound.  As  a  result,  the  Kf.RA  philosophy  is  being  heard  more  frequently  during 
discussion  o!  dredging  projects:  long-term  confinement,  mass  loss,  residence 
periods,  and  a  "c rad  1 e-to-g rave"  solution  as  the  means  to  address  the  many  un¬ 
known  effects  and  fates  of  chemicals  in  the  environment. 


Management  goals  for  Puget  Sound  are  being  shifted  from  the  water  column 
to  the  sediments,  and  new  decision  criteria  are  being  generated  to  reflect 
this  shift  in  management.  Increased  vertical  and  horizontal  stratification  in 
sampling  the  dredging  prism  and  complete  chemical  and  biological  testing  of 
the  sediments  to  be  dredged  have  become  normal  requirements. 

Regulatory  Need  for  Simplicity 

A  fundamental  problem  associated  with  the  selection  of  a  management  ap¬ 
proach  to  contaminated  sediments  is  the  conflict  between  "technical  adequacy" 
and  "regulatory  simplicity."  Sediment  contamination  and  its  effects  are  in¬ 
famously  complex.  However,  an  equally  complex  regulatory  structure  is  often 
perceived  ns  too  complicated  to  implement.  This  latter  view  is  reinforced 
when  the  time  and  cost  of  the  technical  assessment  become  apparent.  This  lias 
led  to  numerous  debates  on  the  merits  of  a  technically  adequate  assessment  of 
contamination  problems  versus  the  use  of  a  "best  available  technology"  or 
overdesign  approach. 

The  "brav  Zone" 

-  ....  M  - - — 

Much  of  I'S  law  seems  to  be  derived  from  a  school  of  thought  that  believe, 
that  it  is  possible  to  identify  specifically  the  level  of  contamination  that 
is  "safe"  for  a  particular  environment,  such  as  marine  waters.  There  are  two 
reasons  why  such  an  approach  will  not  work: 


The  definition  of  a  "sate"  level  is  often  left  to  science; 
the  tirst  to  admit  that  uncertainties  abound  in  this  i  i e 1  <f . 


c  1  eili  e 


a . 


I  h.  Safety  is  a  relative  term,  requiring  a  so<  j.ti  value  judgment  .  hit  - 

I  lerent  cultures,  different  states,  ami  different  neighbors  .  i  -  ■  not 

agree  on  what  is  an  acceptable  contaminant  risk  or  *•?  t  erf  and  what  i • 
!  not  . 

i 

i 

The  product  of  scientific  uncertaint  v  plus  differing  social  v.i  <  ue*-  i  •  t  in 
|  so-called  "gray  zone"  in  contaminant  concent  rat  ions.  This  expat's  j  ve  .  r  re- 

•  quentlv  orders  o!  magnitude)  zone  requires  decisions  to  assess  tr.ide-of*s  it 

effects  and  risks  in  dir lerent  environments.  It  also  is  t  he  source  of  the 
"regulatorv  tlexihilitv"  in  agent" v  decisions  on  individu.il  pro’cct^. 

Aqn.i  t  i  c  1  >  i  s p o s a  1  as  a  Viable  Dpt  ion 

I  Aquatic  disposal  ot  dredged  material  is  undergoing  serious  reevaluation 

at  this  t  irne.  Much  o!  this  reevaluation  is  aim'd  at  address  i  tie  issues  assot  i- 

r 

t  ated  with  sed  iment -bound  contaminants,  for  example,  establishing  consistent 

testing  and  evaluation  procedures.  Hut  another  aspect  i  s  the  reevaluation  of 
i  aquatic  disposal  as  the  "least  preferred,"  or  "last  resort."  disposal  option, 

embodied  in  current  Federal  law  <e.g.  ,  Marine  Protection,  Research,  and  Sanc¬ 
tuaries  Act  of  1 4  7  .*  (Ocean  bumping  Ac  to.  In  trving  to  minimize  imp.u  ts  in  a 
■ingle  environment,  such  as  the  water,  it  is  simplest  to  discourage  its  use  b\ 
setting  i  riteria  as  tightly  as  possible.  But  with  the  advent  of  KORA,  having 
a  different  philosophy  and  a  "hammer  provision"  for  ending  landfilling,  poten¬ 
tial  problems  are  read i 1 v  apparent.  The  alternate  perspective  towards  aquatic 
cJ  i sposa 1  is  to  consider  it  a  viable  disposal  option.  The  advances  of  capping 
technology  are  key  to  this  changed  perspective.  With  manv  advantages  in  re¬ 
tarding  contaminant  mobilitv,  and  the  presence  of  a  reduced,  buffered  environ¬ 
ment,  the  isolation  oi  manv  contaminants  can  he  verv  effective  in  confined 
nquut  it  sites.  The  Corps  of  (engineers  (CF)  has  recently  emp  loved  capped 
disposal  in  the  buwamish  Waterway  at  Seattle,  Wash.,  and  the  IS  Saw  has 
proposed  capping  as  part  of  their  homeport  proposal. 


Single  (environment  Versus 
Mult (environment  Assessments 


objective,  technical  selection  of  a  dredged  material  disposal  option  is 
verv  much  an  exercise  in  risk  management.  Varying  site  resources,  varving 
site  geochemistry,  varying  contamination  tvpes  and  concentrations,  etc.,  all 
imply  that  there  are  no  "risk-free"  options.  The  lirst  conclusion  of  the 
<1  congress f ona 1 1 v  mandated,  $10  million  research  program  on  dredged  material, 
conducted  in  the  late  7o's,  was:  "There  is  no  single  best  disposal  environ¬ 
ment,  no  panacea."  This  is  why  the  Corps  actively  supports  Ki’As  efforts  on 
multimedia,  multienvironment  assessments,  which  will  eventually  require 
several  changes  in  Federal  laws  that  are  environment-specific.  The  approach 
is  to  assess  each  disposal  option  and  Its  problems  before  selecting  the  best 
opt  ion. 


New  Li ability 

A  direct  repercussion  of  the  intent  of  the  Super! und  law  is  a  "new 
liability"  that  anyone  having  anything  to  do  with  contamination  has  to 


nc  know  !  edge  .  this  intended  <  on  t  ag  i  ous  liability,  required  to  tuel  the 
super! und  cost  recoverv  program,  has  set  a  clear  prec  edent  tor  contaminant 
transporters.  A  ease  in  point  ’or  how  tills  iiahilitv  can  affect  projects  is 
offered  hv  tile  previous  1  v  referenced  Ihiwamish  capping  project  whicli  involved 
mechanical  dredging  of  o  ,  u  „j  sediment  contaminated  primarily  with 

met  a!  and  low-level  l’(  Hs .  Tiie  l,‘)D(i  cu  vd  of  contaminated  sediments  used  for 
the  capping  proeit  were  initial lv  to  in-  placed  in  an  upland  area.  The  State 
.  '  Washington  approved  the  pro  je<  t  with  the  condition  that  the  dorps  monitor 
tlie  ground  water,  and  it  it  became  impacted,  to  "fix  it."  "Fixing"  ground 
wifer  is  not  a  Iiahilitv  to  he  assumed  lightly;  remediation,  if  possible, 
a ! wavs  incurs  high  *  osts .  With  research  data  available  lor  upland  leaching 
iron:  ''uwamish  sediments,  it  was  in  our  view,  an  unacceptable  liability.  In 
•  -ur  judgment ,  a  more  acceptable  Iiahilitv  risk  involved  confining  the  contam¬ 
inated  material  within  the  aquatic  environment.  The  disposal  barge  was  dis- 
■  barged  over  i  depress  it'ii  f  Ml.'.W  no-  (>  it)  in  the  West  Waterway  of  the  Duwamish 
nvcr,  i  u  eat  tie,  Wash .  <  leaner  sandv  material  from  upstream,  in  several 

barge  loads,  was  s 1 ow ! v  released  over  the  depression.  1  he  capping  was  hvdro- 
1 1  ■  1 1  s  t  i  i"  a  !  !  monitored  .liter  each  cover  load  until  the  cap  was  in  place.  As  a 
"to,  hnolog’.  'lemons  t  rat  i  on  , "  the  project  was  closely  monitored  during  construc¬ 
tion;  longer  term  monitoring  involves  use  o(  a  Vibraeore.  Samples  are  taken 
through  the  cap  to  cherk  tor  cap  thickness  /  integr i tv  and  possible  leaching. 

tor  the  industrial  waste  managers,  the  best  protection  from  liability  is 
of tei  .aid  to  be  a  continuous  analytical  track,  an  "accountability."  This 
prime  i  pie  n!  dredged  material  accountability,  combined  with  efforts  toward 
<>hject_i_ye  j  o_n_s_i_s  t_en_e_v  in  regulations  and  guidelines,  is  at  the  heart  of  the 
PSI'I'A  effort.  Also,  dredged  material  testing  is  now  more  than  just  for  en¬ 
vironmental  protection;  it  is  also  a  measure  of  possible  liabilities  with 
d  1  sp,  isa  1  . 

Keloi.it  ion  Versus  ke  in  t  roduc  t  ion 

This  raises  a  challenge  as  to  whether  dredging  and  open  water,  unconfined 
disposal  is  introducing  contamination  into  the  Sound  or  simply  relocating  it 
within  the  Sound.  Since  much  dredging  is  done  for  navigation  purposes,  with 
navigation  monies,  it  can  he  viewed  defensiblv  (to  a  certain  extent)  as  a  man¬ 
agement  opportunity  to  decide  where  and  how  to  place  again  the  contaminants. 
Where  this  becomes  more  challenging  is  when  dredging  fs  listed  as  a  point 
source  in  a  mass  loading  formula  for  the  Sound.  Are  the  sediment  contaminants 
already  "loaded"  due  to  the  industrial  discharge,  or  does  dredging  reload 
them'  The  answer  depends  cm  what  extent  agencies  and  decisionmakers  wish  to 

take  advantage  ot  the  navigation  dredging  opportunity  to  address  existing  "hot 
.  1 1 

spot  s . 

Single  Tec hno 1 ogv 
Versus  Problem  Management 

A  related  spin-oil  issue  is  the  conflict  between  contaminant  handling  hv 
specified,  perhaps  "best  available,"  technology  and  handling  by  problem  iden¬ 
tification  and  problem-specific  management.  In  the  CWA,  different  wastes  (for 
example,  municipal  sewage  versus  dredged  material)  received  different  handling 
philosophies.  But  KCRA,  with  its  statutory  design  standards,  has  involved 
dredged  material  with  several  questions.  Should  detailed  tests  be  conducted 


on  dredged  material  to  identify  what  problems  it  might  cause ,  and  then  -,<  •  1  u- 
t ions  to  those  problems  be  designed,  or  should  we  min ir  i/e  test  ing  and  g>  wii 
a  single-approach  disposal  site  design' 

Two  Cost  References 

Because  oi  the  manv  new  issues  and  <  oncerns  desi  r  i  bed  above ,  manager •  u. 
have  two  reference  points  to  evaluate  the  cost  ni  dredged  materia!  disposal: 

•  The  traditional  cost  o!  uncontined,  open-water  disposal  '5.  to  $  <  p.-i 
cubic  vard) 

•  The  KtlkA  best  available  techno  log’,  desig'n  <  osf  'or  permaru"'  'and':; 
($4!)  to  $b(i  per  cubic  vard) 

In  addressing  the  continuum  ot  contaminant  ■  "in  ent rat  i o>.*  in  iredged 
material ,  the  splitters  and  lumpers  will  produce  two  verv  di' 'erect  cost 
curves  depending  on  how  they  applv  technology  t<>  addre-.  cent  am  i  nan  t  etfei  t 
Figure  illustrates  examples  ot  these  two  cost  curves .  iven  the  two  refer 
ence  points  in  cost  tor  dredged  material  disposal  1 t he  traditional  iost  * 
open  water,  unconfined  <i  isposa  1  ,  and  t  he  high  cost  ot  R1  Hr  "ultimate"  dis- 
p>  all,  the  direction  headed  in  huger  1  mind  involves  incre.v-  ing  up- J  rant  test 
ini-  cost,  to  identity  problems  and  design  prob  1  em-spe.  i  :  1  *  solutions,  as  1  v. 
to  minimize  construction  costs. 

!  ong- T erm  i'lann  i jijj 

tine  consequence  ot  these  increased  costs ,  ot  tin*  ongoing  debate  .•*  best 
approach  to  managing  contaminated  sediments,  and  ot  the  overall  imperative  ot 
improved  accountab i 1 i t v ,  is  the  need  tor  long-term  planning.  Predged  mater  i. 
"management , "  a  comprehens i ve  look  at  quantities  and  character i st i .  s  ot  the 
material  ami  a  detailed  inventory  ot  the  disposal  site  "resource,"  is  essen¬ 
tial.  Following  the  path  blazed  hv  industrial  waste  managers,  with  their 
mult  ini  11  ion  dollar  regional  incinerators,  multiuser  disposal  sites  tor 
dredged  materia!  are  an  obvious  next  step.  This  approach ,  tor  both  confined 

and  uncontined  disposal,  is  the  best  way  to  funis  resouries,  at  ford  proper 

design  and  monitoring,  am!  maximize  aeceuntah  II i t  v  in  the  dredging  program. 

Source  Control  Versus  Sediment  Removal 

Assessing  progress  irr  cleanup  t  irst  requires  us  to  del ine  what  we  mean  * 
"cleanup."  Common  sense  dictates  that  the  place  to  deal  wifi,  aquatic  contam¬ 
ination  is  at  the  introduction  point,  the  source.  Ibis  i the  main  thrust  of 

the  "cleanup"  programs  under  way  in  several  Puget  found  urban  havs,  identi: ; 

cation  and  elimination  ot  contaminant  sources  to  the  aquatic  environment. 

Shis  is  a  reasonable  sentence,  as  revised,  and  necessary  approach .  But  there 
are  additional  things  to  consider: 

a.  Many  ot  the  chemicals  we  find  in  marine  sediments  <e.g.,  !’!'!  and 
other  pesticides  and  PCBs)  are  no  longer  pro  lined  or  allowed  in 
present  industrial  discharges.  In  Puget  Sound,  residual,  or  his¬ 
toric,  contamination  is  being  found  even  in  recently  deposited 
sod  1 ment  s . 
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b.  Current  sediment  contamination  in  urban  areas  is  likelv  the  result  of 
a  ctironic,  long-term  discharge.  li  contaminated  sediments  are  re¬ 
moved,  it  may  be  many  years  before  contaminated  sediments  are  re¬ 
established  given  current  industrial  contaminant  discharges  allow¬ 
ances.  Combined  with  historic  contamination  sources,  this  has 
significant  implication  to  the  relative  cost  effectiveness  ("per  given 
unit  of  reduction  of  risk  to  the  environment  and  human  health)  of 
sediment  removal  versus  source  control.  Roth  become  of  comparable 
importance . 

c.  Most  treatment  experts  agree  that  in  the  near  term  (decades),  efflu¬ 
ent  control  technology  will  still  require  residual  discharge  of  con¬ 
tamination.  These  much  lower  concentrations  will  take  proportion¬ 
ate!  v  longer  to  significantly  recontaminate  sediments  near  effluent 
discharge  points. 

d.  (liven  treatment  pathwav-1 ength  limitations  and  the  prospect  of  long¬ 
term  residual  releases.  It  appears  logical,  though  perhaps  radical, 
to  extend  the  i oncept  of  "treatment  processes"  to  include  the  sedi¬ 
ments  outside  the  effluent  pipe  as  "further  treatment."  These 
sediments  could  be  monitored  and  periodically  removed,  resulting  in  a 
more  cost-effective  method  than  some  prohibitive  advanced  treatments, 
and  perhaps  also  be  more  risk  acceptable.  (liven  the  residuals,  both 
better  source  treatment  and  sediment  control  should  be  considered  as 
complementary  in  developing  source  control  permits.  At  least  it 
would  provide  some  discharger  responsibility  beyond  the  pipe. 

e.  On  the  other  side  of  this  issue,  natural  sedimentation  in  I’uget 
Sound,  along  with  biodegradation  of  some  contaminants,  provide  a 
conceptual,  though  unknown,  assimilative  capacity  for  contaminant 
discharges.  The  location  of,  and  possible  transport  routes  to,  these 
"natural  graves,"  are  also  unknown.  Rut  it  suggests  that  source 
reduction  mav  perhaps  work  as  a  long-term  solution. 

RFFFKFNCFS 

Rl>'tn,  R.  ,  lenkins,  1  .  ,  leggett,  D.,  and  Murrmann,  R  197b.  "Ft  feet  of  Sedi¬ 
ment  Organic  Matter  on  Migration  of  Various  Chemical  Constituents  During 
Disposal  ot  Dredged  Material,"  Contract  Report  D-7R-7,  I'S  Armv  Fngineer  Water- 
wavs  Fxperiment  Station,  Vicksburg,  Miss. 

Brannon,  .1.  1MR).  "The  Transformation,  Fixation  and  Mobilization  or  Arsenic 

and  Antimony  in  Contaminated  Sediments,"  Ph .  D.  Thesis,  Louisiana  State  I'ni- 
versitv,  Raton  Rouge,  Fa. 

Brannon,  I.,  Fngler,  K.,  Rose,  .1 .  ,  Hunt,  i’.,  and  Smith,  i.  l‘*7h.  "Selective 
Analytical  Partitioning  ol  Sediments  to  Fvalunte  Potential  Mobility  of  Chemi¬ 
cal  Constituents  During  Dredging  and  Disposal  Operation,"  Technical  Report 
: >  — ' f , _ / <  I'S  Armv  Fngineer  Waterways  Fxperiment  Station,  Vicksburg,  Miss. 

cambrel  1,  R . ,  Khalid,  K . ,  and  Patrick,  W.  197h.  "Phys i ochemi ca 1  Parameters 
that  Regulate  Mobilization  and  Immobilization  ol  Toxic  Heavy  Metals," 
Proceedings  ol  the  Specialty  Conference  on  Dredging  and  Its  Fnv i ronmen t a  1 
Ft  Sects,  American  Society  of  Civil  Fngineer s ,  New  York,  N.  Y. 


Khalid,  R.,  Cambrel  1,  K.,  Verloo,  M.,  and  Patrick,  W.  1975.  "Transformations 
of  Heavy  Metals  and  Plant  Nutrients  in  Dredged  Sediments  of  Affected  by 
Oxidation-Reduction  Potential  and  pH,  Part  1:  Literature  Review,"  Submitted 
to  I’S  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  Miss. 

Lee,  0.,  Peddicord,  R.,  Paiermo,  M.,  and  Francingues,  N.  1985.  "Decision¬ 
making  Framework  for  Management  of  Dredged  Material:  Application  to  Commence¬ 
ment  Ray,  Washington,  Commencement  Bay  Nearshore/Tidef lats  Superfund  Site, 
Remedial  Investigations,"  l‘S  Army  Engineer  Waterways  Experiment  Station, 
Vicksburg,  Miss. 

Malins  et  al.  1984.  "Chemical  Pollutants  in  Sediments  and  Diseases  of 
Bottom-Dwelling  Fish  in  Puget  Sound,  Washington,"  Environmental  Science  and 
Techno  logy ,  Vol  18,  No.  9,  pp  705-713. 

McFarland,  V.  1984.  "Activity-Based  Evaluation  of  Potential  Bioaccumulation 
from  Sediments,"  Proceedings  of  the  Conference  "Dredging  ’84,"  American  Soci¬ 
ety  of  Civil  Engineers,  New  York,  N.  Y. 

Pavlou,  S.,  and  Weston,  D.  1984.  "initial  Evaluation  of  Alternatives  for 
Development  of  Sediment-Related  Criteria  for  Toxic  Contaminants  in  Marine 
Waters  (Puget  Sound),  Part  11:  Development  and  Testing  of  the  Sediment-Water 
Equilibrium  Partitioning  Approach,"  JRB  Association  under  EPA 
Contract  68-01-6388,  Washington  D.  C. 

Phillips,  K.,  Malek,  J.,  and  Hamner,  W.  B.  1985.  "Evaluation  of  Alternative 
Dredging  Methods  and  Equipment,  Disposal  Methods  and  Sites,  and  Site  Control 
and  Treatment  Practices  1  or  Contaminated  Sediments,  Commencement  Bay 
Nearshore/Tidef lats  Supertund  Site,  Remedial  Investigations,"  I'S  Army  Engineer 
District,  Seattle,  Seattle,  Wash. 


EFFECTS  OF  SEDIMENT  REMOVAL  IN  TOKYO  BAY 


Tsuneo  Sato 

District  Port  Construction  Bureau 
Ministry  of  Transport 

Shinichi  Kojima,  Hiroaki  Mori 
Japan  Bottom  Sediments  Management  Association 


INTRODUCTION 

Although  the  removal  of  organic  sediment  is  conceptionally  understood  as 
an  effective  countermeasure  against  environmental  pollution,  few  data  exist 
concerning  the  extended  removal  effects  of  sediment.  To  study  this  problem, 
the  Second  District  Port  Construction  Bureau  of  the  Ministry  of  Transport  con¬ 
ducted  several  surveys  on  organic  sediment  of  Tokyo  Bay  to  observe  dredging 
effects  in  1982-1984.  This  paper  reports  the  findings  of  these  surveys. 

TEST  LOCATIONS  AND  TEST  APPARATUS 

The  test  locations  given  in  Figure  1  (A,  B,  and  C)  have  three  different 
removal  depths. 


Figure  I .  Test 

locations 


1  16 


The  first  test  was  conducted  in  1982  at  C,  where  a  sediment  depth  of 
120  cm  was  removed  inside  a  steel  circular  frame  of  A. 5  m  0  ,  as  shown  in 
Figure  2.  Three  release  test  pipes,  one  of  which  has  a  cover,  were  inserted 
inside  the  frame  and  two  pipes,  one  of  which  has  a  cover,  were  outside  the 
frame.  When  not  in  use,  the  release  test  pipes  without  caps  were  extended  to 
the  surface  of  the  frame  by  additional  pipes. 
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Figure  2.  Test  points  A,  B,  and  C 

The  second  test  was  performed  in  IAH3  at  A  and  B,  where  a  sediment  depth 
of  10  cm  was  removed  from  half  of  a  steel  circular  frame  of  6.5  m  0  (area  A) 
and  50  cm  from  the  other  half  (area  K) .  Five  release  test  pipes  were  inside 
the  frame. 

The  test  pipes  without  caps  were  lengthened  when  not  in  use  in  the  same 
wav  as  those  in  the  ll!82  test. 
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lath  release  test  pipe  (both  with  and  without  caps)  had  a  diameter  ot 
'nil'’  mm  and  a  length  ot  1  ,  5(10  mm  *  Figure  1'.  Fach  pipe  was  inserted  into  the 
sediment  to  ,i  depth  or  'aid  mm.  lest  procedures  are  illustrated  in  Figure 

!  n  1  ase  1,  in  which.  ;otre  amount  ot  !  loot  :ng  sediment  •  '  ows  into  the 
pipe1,,  tiie  dural*  i  i  i  t  v  ■  * :  ^ed  :  merit  re^ov.i  1  i  s  ’bserved .  i  n  os.-  !!,  in  w>  ■  I. 
no  ?  loat  ire  se.i  iment  :  i  "W‘-  into  trie  p  ;  pi-- ,  t  lie  dtedg  ;ng  e  •  •  e .  t  s  ig  i  i  ;■  r  ♦  •>, 

-ire  me  >  s  ii  r  ed  .  in  t  a-  •  ,  in  wh  i  i  h  *  i.-  it  nig  ■  ed i me  n  t  1  >  •  s  ■  -  out  i.  t  w  ;  :  :  t  1 

s  ed  i  men  t  ,  t  he  release  r  ■  t  e  s  •  r  om  :  1  •  t  • !’  g  sediment  at  t  mea-u*  e-!  . 
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Figure  13  shows  the  reduction  of  release  rates  in  test  pipes  without 
caps.  In  test  pipes  without  caps  the  release  rates  decrease  to  a  smaller 
extent  than  the  pipes  with  caps.  As  mentioned  before,  this  may  be  caused  by 
foreign  material  in  the  test  pipes. 
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Figure  13.  Reduction 
of  release  rates  in 
pipes  without  caps 


The  measurements  at  test  points  A  and  B  were  conducted  12  months  after 
removal,  and  at  C,  24  months  after  removal.  Therefore,  at  the  start  of  the 
tests  much  larger  quantities  of  foreign  material  had  flowed  into  the  test 
pipes  of  C  than  those  of  A  and  B. 


As  Figure  14  shows,  the  release  rates  of  I'O.-P  at  C  is  about  four  times 

larger  than  the  original.  It  is  no  wonder  that  the  foreign  material  which 
flowed  into  the  pipes  during  24  months  manifested  a  big  release.  The  release 
rates  of  test  point  (  are  believed  to  result  from  the  foreign  material  which 
flowed  into  the  pipes  before  the  tests.  This  means  that  the  foreign  material 
is  rich  in  pollutants. 


The  levels  of  Pb'B  were  used  to  determine  the  amount  of  foreign  material 
which  had  flowed  into  the  steel  frame.  !’<  B  is  relatively  stable  in  an  envi¬ 
ronment  and  is  scarce  in  the  lower  layer  of  natural  sediment  (Figure  14). 
Iherelore,  little  P(!B  was  detected  at  test  point  ('  immediately  after  dredging 
After  f  months,  however,  some  PCH  was  observed  in  the  0-  to  1 -cm  laver  and,  a 
present,  is  observed  in  the  I<>-  to  1  1 -cm  laver.  This  suggests  that  Inreign 
material  does  ! low  into  the  test  point  ('  frame. 
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Figure  14.  Differences  in  release  rates 
between  A,  B,  and  C 
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EFFECTS  OF  SEDIMENT  REMOVAL 


Nutrient  concentrations  in  sediment  increase  gradually  with  time  after 
sediment  removal  under  the  influence  of  foreign  material  such  as  newly  pre¬ 
cipitating  matter  or  suspended  sediment.  This  gives  the  impression  that  no 
restorative  effects  can  be  expected  from  sediment  removal.  However,  it  should 
be  studied  from  the  viewpoint  of  release  rates.  Figure  16  shows  the  change  in 
release  rates  with  time.  As  Figure  16  (Case  II)  indicates,  the  release  rates 
increase  with  time  as  the  foreign  material  accumulates,  and  result  in  an  early 
increase  of  release  rates,  thereby  cancelling  the  removal  effects. 

Figure  16  (Cases  I  and  III)  indicates  the  release  rates  excluding  the 
released  volume  from  foreign  material.  Although  some  variations  are  found, 
release  rates  generally  decrease. 

It  is  believed  that  the  decrease  in  release  rates  in  the  early  stages  may 
result  from  diffusion  into  the  underlying  sediment  because  the  underlying  sed¬ 
iment  is  clean  due  to  removal  of  the  polluted  material.  Diffusion  into  the 
underlying  sediment  continues  until  both  the  concentrations  of  release  mate¬ 
rial  from  foreign  materials  and  in  sediment  pore  water  become  equal.  After 
that  the  release  rates  increase  again. 

Figure  17  shows  the  relationship  between  dredging  depth  and  release  rate 
of  COD,  PO^-P,  and  T-N  released  from  the  bed  for  1  year  after  the  dredging. 
Both  cases  (with  and  without  cap)  show  that  the  release  rates  decrease  with 
increasing  thickness  of  the  sediment  removal.  This  feature  is  much  clearer  in 
the  case  with  the  cap. 


CONCLUSIONS 

These  tests  were  conducted  to  study  the  restorative  effects  of  sediment 
removal.  At  sea  tnere  are  many  conditions  such  as  tides,  newly  precipitating 
material,  and  suspended  sediment.  These  conditions  cause  complicated  sea 
conditions  that  require  much  time  and  plenty  of  data  to  obtain  a  decisive 
opin ion . 

Our  tests  faced  this  problem.  In  spite  of  the  unsatisfactory  conditions 
such  as  short  test  times  and  small  test  spaces,  the  test  results  gave  us  some 
valuable  data. 

Tn  summary,  we  succeeded  in  determining  the  effects  of  sediment  removal 
on  reducing  release  rates.  An  even  more  significant  finding  of  this  studv  is 
that  foreign  materials  accumulating  on  conventional  sediment  have  a  great 
i  nf  1  uenre . 
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ABSTRACT 

A  testing  protocol  is  described  herein  for  eval¬ 
uating  desorption  characteristics  of  contaminants  from 
dredged  material.  The  procedure  relies  on  comparing 
the  effluent  trace  predicted  by  the  one-dimensional 
advection-dispersion  equation  containing  an  equilib¬ 
rium  source  term  with  that  from  an  operating  labora¬ 
tory  column.  System  specific  parameters  (v,  p,  0,  D  , 

P 

K^)  required  to  solve  the  transport  equation  are  evalu¬ 
ated  separately.  Such  comparisons  provide  insight  into 
the  mechanisms  responsible  for  contaminant  desorption. 

The  procedure  was  applied  to  a  highly  contami¬ 
nated  sediment  from  Indiana  Harbor,  Indiana.  Prelimi¬ 
nary  leaching  data  for  two  heavy  metals,  arsenic  and 
cadmium,  can  be  interpreted  as  film-controlled  desorp¬ 
tion  rather  than  equilibrium  partitioning. 


INTRODUCTION 

Bottom  sediments  contaminated  with  organic  matter,  heavy  metals,  poly¬ 
chlorinated  biphenyls,  and  pol varomat ic  hydrocarbons  are  present  in  most  urban 
waterways.  When  contaminated  dredged  material  is  placed  in  a  confined  dis¬ 
posal  facility  ((DPI,  the  potential  exists  to  generate  leachates  that  may  have 
adverse  impacts  on  ground  waters.  When  the  potential  for  adverse  environ¬ 
mental  impacts  exists,  disposal  of  contaminated  material  must  he  planned  to 
limit  these  impacts  bv  restricting  contaminant  mobility.  To  design  facilities 
and  systems  necessary  to  satisfy  site-specific  requirements  for  environmental 
protection,  information  is  needed  on  potential  contaminant  mobility.  Lacking 
specific  quantitative  information  on  contaminant  mobility,  project  engineers 
arc  l orced  to  adopt  contaminant  containment  strategies  that  are  possibly  more 
conservative  than  necessary,  resulting  in  increased  costs  without  a  commensur¬ 
ate  ini  tease  in  environmental  protection.  If  leachate'  quality  and  generation 
rates  i  an  He  predicted,  the  potential  impacts  ot  using  a  I'DF  lor  disposal  of 
contaminated  dredged  material  can  be  determined,  allowing  the  most  cost- 
e!  let  five  site  design  to  he  utilised. 


At  present,  there  is  no  routinely  applied  laboratory  testing  protocol 
capable  of  predicting,  or  even  approximating,  leachate  quality  from  confined 
dredged  material  disposal  sites.  Testing  procedures  to  predict  leachate  qual¬ 
ity  are  therefore  needed  to  fully  evaluate  the  confined  disposal  alternative 
for  contaminated  dredged  material.  In  order  to  predict  leachate  quality  with 
any  degree  of  confidence,  information  concerning  the  fundamental  processes 
controlling  contaminant  transfer  from  the  sediment  solids  to  the  aqueous  phase 
is  needed. 


SCOPE 

This  paper  describes  research  that  is  being  conducted  by  the  US  Army  En¬ 
gineer  Waterways  Experiment  Station  to  develop  testing  procedures  for  evaluat¬ 
ing  desorption  mechanisms  that  control  leaching  in  contaminated  sediments. 

The  theoretical  basis  for  understanding  leaching  of  dredged  material  is 
briefly  described,  and  selected  findings  from  an  ongoing  study  are  presented. 

TECHNICAL  APPROACH 

Hill,  Myers,  and  Brannon  (1985)  have  presented  a  theoretical  basis  for 
understanding  the  leaching  of  dredged  material.  Several  models  based  on  mass 
transport  theory  were  considered  for  describing  contaminant  transfer  from  the 
dredged  material  solids  to  the  aqueous  phase.  Mathematical  descriptions  of 
equilibrium,  film  diffusion,  intraparticle  diffusion,  reversible  reaction, 
irreversible  reaction,  and  solubility  limited,  kinetic  models  were  developed. 
The  one  recommended  by  Hill,  Myers,  and  Brannon  (1985)  for  application  to 
dredged  material  uses  an  equilibrium  distribution  (partitioning)  coefficient 
to  relate  aqueous  phase  concentration  to  sediment  phase  concentration. 

The  approach  described  below  uses  numerical  as  well  as  experimental  re¬ 
sults  to  test  the  assumption  that  leaching  is  governed  by  equilibrium- 
controlled  desorption.  Sequential  batch  leach  tests  are  used  to  estimate  a 
distribution  coefficient  for  each  contaminant  of  interest.  The  distribution 
coefficient  is  considered  an  intrinsic  parameter  that  describes  contaminant 
release  from  the  sediment.  This  parameter  is  then  used  in  a  one-dimensional 
mass  transfer  equation  containing  an  equilibrium  source  term  to  predict  efflur 
ent  quality  from  a  continuously  leached  column.  Interpretation  of  batch  and 
column  data  is  based  on  a  comparison  of  the  predicted  curve  to  the  observed 
data.  Hence,  this  is  an  integrated  approach  that  combines  batch  data,  column 
data,  and  mass  transport  theory.  A  schematic  of  the  integrated  approach  is 
shown  in  Figure  1 . 

The  one-dimensional  mass  transport  equation  describing  contaminant 
transport  in  confined  dredged  material  is 
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V  =  average  pore  water  velocity,  l./t 

p  =  sediment  bulk  density,  Ms/L3 

6  =  volumetric  water  content  of  sediment,  L^/L3 

Kj  =  slope  of  desorption  isotherm,  L'/M 
d 

t  =  time 


Details  of  the  development  of  this  equation  have  been  described  by  Hill,  Myers 
and  Brannon  (1985''.  If  the  laboratory  leaching  column  is  short,  it  may  be  pos 
sible  to  assume  that  the  liquid  within  the  pores  remain  completely  mixed,  thus 
allowing  Equation  1  to  be  simplified  and  written  as  the  ordinary  differential 
equation,  shown  below: 


dc./dt  =  -  (Q/V  )  C  -  (p/eW  ,(dc./dt) 
l  v  V  /  d  l 


(2) 


where  =  volume  of  voids,  L  .  Equation  (2)  has  the  solution 


In 


(C/Co) 


=  -V/0L 


1  +  0  v 


(3) 


where 


C  =  contaminant  concentration  in  the  pore  water  at  t  =  0,  Mc/L1 
o 

l.  =  column  length,  /. 


The  bulk  density  p  ,  void  volume  V  ,  and  volumetric  water  content 
are  obtained  using  standard  soil  test  procedures.  The  dispersion  coeffi¬ 
cient  I)  is  obtained  using  continuous  flow  column  tests  as  described  bv 
P 

levenspiel  (  1  M  7  3  )  .  The  pore  water  velocity  and  column  length  1  are  obtained 
t rom  column  operating  records.  The  initial  contaminant  concent  rat  ion  '  is 


obtained  bv  chemical  analysis.  The  desorpt ion  coetticient  K  is 

U 

independently  ot  the  column  using  sequential  batch  testing.  Alter 
have  been  obtained,  1  qua t ions  1  - 1  can  be  solved,  and  the  resulting 
contaminant  concent  rat  ions  versus  pore  volume  can  be  comp a -cd  with 
ettluent  concent  r.tt  ions  :  rom  at:  oper.it  ing  column.  !he  use  of  su. 
i  trip  lies  the  following: 


computed 

these  d a t  a 
t  Mo  .  '  f 

ire  a  -on  e  .! 

t  ’ 


a.  the  experimental  column,  teamed  a  pel  me  a  met  •  •  .!  -how 

i  s  designed  ind  oper.it  ed  on  h  that  tic  •'  w  •  .  -  cut  i 
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continuous  flow  column  testing 

b.  Column  test  conditions  used  to  obtain  the  dispersion  coefficient  D 

are  identical  to  those  in  the  laboratory  column.  p 

c.  The  physical-chemical  mechanisms  governing  desorption  are  the  same  in 
batch  tests  as  in  continuous  flow  systems,  thus  allowing  the  use  of  a 

determined  from  batch  studies  in  Equations  1-3. 

d.  The  degree  of  dredged  material  saturation  and  consolidation  in  the 
column  is  homogeneous  and  does  not  vary  during  the  test  or  is  known 
and  can  be  accounted  for. 

A  SPECIFIC  APPLICATION 

The  integrated  approach  is  presently  being  used  (October  1983)  to  assess 
the  assumption  of  equilibrium-controlled  desorption  of  contaminants  from  a 
sediment  obtained  from  Indiana  Harbor,  Indiana.  In  some  reaches  of  the  Indi¬ 
ana  Harbor  Canal,  the  sediments  are  heavily  contaminated  with  oil  and  grease, 
organics,  and  heavy  metals. 

Current  testing  involves  using  sediment  maintained  under  anaerobic  condi¬ 
tions.  contaminants  of  interest  are  the  heavy  metals  As,  Cd ,  Cr,  Pb ,  and  Zn 

as  well  as  selected  organics.  Prior  to  making  comparisons,  a  value  of  K  is 

d 

lefer-ined  tor  each  contaminant  (Figure  1).  The  is  the  slope  of  a  de- 

■rpf  ion  isotherm  constructed  from  a  table  of  equilibrium  values  for  solid 
i'Fa  e  contaminant  concentration  q  and  aqueous  phase  contaminant  concentra- 
t  .  -  .  Vur imp:  solid  and  corresponding  aqueous  phase  concentrations  are 

i  .  •’  sequent  ia  l  1  y  leaching  the  sediment  in  batch  tests  as  outlined  in 

topical  desorption  isotherm  is  shown  in  Figure  3. 


TABLE.  1.  TKS'l  SEt.'l'FNT  F  F<’F  : 

TESTIN':  i>F  ANAFH  . 
FOR  METALS  AN.  ;  R'AN  ’ 


Step  1 


Step  2 
Step  3 


Step  4 


Load  sediment  into  appropriate  •  e:  t  •  ’ 

polycarbonate  tor  metals  md  .  >.  t 

contaminants.  Add  sufficient  water  ’  ■  ■  ■  ' 

water  to  sediment  ratio  of  - :  '  .  u:  : 
tubes  must  be  loaded  to  obtain  er.  mr  ■ 

for  use  in  leaching  fresh  sediment. 

Shake  horizontally  at  lbo  cvc'.es  r-„r 

Centrifuge  for  30  min  at  6 ,  MiO  •  <■  ,  r »:  •  m  i 
metals.  Prior  to  filtering,  cent  r  i  r  cge,«  . 
through  acid-washed  glass  wool  for  -eta',  and 
glass  wool  for  organics.  Samples  »  t  nr^.v  : 
repetition  on  step  3  using  clean  stainless  s-te 
tubes  to  remove  oil. 

Acidify  leachate  for  organic  ana! vs  is  wit1 
metals  analysis  with  ultrex  nitric  arid.  tor 
organic  analysis  in  acetone-rinsed  glass  •  r  r I 
for  metals  analysis  in  plastic  bottles. 


Note:  The  anaerobic  integrity  of  the  sample  wa«  maintained 

addition  to  centrifuge  tubes,  shaking,  centrifugation 


F igure  i .  I vp i ra 1 

i  so  t  fie r 


•  ,  ^>r  uriiv  reliable  data  with  which  to  construct  desorption 

•  t  !  nd  i  ana  Harbor  sediment  was  hampered  by  the  oil  and  grease  in 
eiimert.  I  he  vigorous  shaking  used  in  the  batch  tests  separated  much  of 
■i'  ?ror.  the  sediment  solids,  resulting  in  a  water-oil  and  grease  emul- 
i.  It  was  necessary  to  separate  the  oil  and  grease  from  the  leachate  prior 
rtiminart  analysis  in  order  to  obtain  K,  values  indicative  only  of 


or.  t  am  i  nan  t  analysis  in  order  to  obtain  values  indicative  only  of 

i- d ;  men  t  water  interactions.  As  shown  in  Table  1,  for  metals  this  required 
en t r  i  i uga t i on  followed  by  passage  through  glass  wool  in  order  to  avoid 
logging  of  the  0.45-um  membrane  filter  used  in  phase  separation. 


Initial  metal  concentrations  in  the  pore  water  were  determined  by  centri- 
uging  the  sediment  at  its  natural  moisture  content  and  then  filtering  the 
upernatant  through  a  0.45-pm  membrane  filter.  The  bulk  sediment  concentra¬ 
tors,  initial  pore  water  concentrations,  and  equilibrium  distribution  coef- 
:  tents  for  arsenic  and  cadmium  are  presented  in  Table  2. 

TAR1.K  2.  BULK  SEDIMENT  AND  INITIAL  PORE  WATER  ARSENIC  AND 

CADMIUM  CONCENTRATIONS  AND  EQUILIBRIUM  DISTRIBUTION 
COEFFICIENTS  FOR  INDIANA  HARBOR  SEDIMENT 


Bulk  Sediment 
mg/kg  dry  wt . 


0.0137 

0.0047 


Vppiic.it:  n  "t  tiie  integrated  approach  is  illustrated  in  Figure  4.  The 
.  shown  in  f  igure  »  are  measured  contaminant  concentrations  from  three 
:  •  I  tie  n  t  s  .  1  he  curves  in  Figure  4  result  from  plotting  Equation  3.  In 

st  am  e  ■(•••■orption  is  assumed  to  be  an  equilibrium-controlled  process 
teri.’ed  hv  the  desorption  me  t  f  ic  lent  ,  K  ,  for  that  particular 

" :  •  r'.  it.e  ther  curve  assumes  no  desorption  (K  =  01.  For  both 

i"d  admium.  e  -,pe  r  i  merit  a  i  1  v  determined  concentrations  are  lower  than 

fed  •  :  • :  u  it  i "  n  '  using  tlie  appropriate  value  of  K  .  In  fact,  the 

d 

•  .-ar  to  lie  thug  f  iie  curves  which  assume  no  desorption  (K  =  01.  It 

d 

• -at  in.e  t  im  >rigina!  interst  it ia!  1  i  n  u i d  is  pushed  t  tor  the  column, 

•  .  n  ■  '  ircenic  and  •  admium  elicit  ivelv  stops.  This  could  he  due  to  an 
•!  greis.-  .siting  on  t  he  sediment  particles  that  inhibits  c.  nt  am  inant 

•  r  t  1  sediment  to  tiie  I'jnecir,  phase  . 

'  1 ;  ••  'it  iminar-t  •  on.  entrat  ion  pore  v«  I  ume  trace  shown  in  Figure  .  does 
■urt  :  •  r  •  an...  i  id, if  ion  (  p.  re  volume  dei  rease  '  that  occurs  during  the 

test  .  A  1  t  e  r  fin  ■  '  ■  i  mil  I  e .  i  •  t  tests  are  terminated,  tiie  sed  inert 

•  •  v  ;  .'  he  e  <.ir  i  n<  d  for  cons,  i  id.it  i  oti ,  and  the  e!  lots  "!  cons,.!  jdat  ion 

•  ■  •  h*.  taken  into  a,  count  .  It  mnsoi  idat  ion  h  is  been  'iinit  ic.int  ,  the 

t"  i  i' t  .  s  in  iwn  in  figure  .  will  he  shift  od  to  the  right.  In  addition. 


tf't'-  ire  in  prioress  to  determine  the  d  i  spe  r  s  i  on  in  the  column.  i  he 
iiv,i  j  I  .il  i  !  i  t  v  i 1 !  tliis  information  will  aid  in  the  ongoing  lnterpret.it  ii 
o  1  umri  desorption  data. 


SUMMARY 

An  integrated  approach  to  leachate  testing  involving  hatch  and  column 
leach  tests  and  mass  transport  equations  was  described.  The  integrated 
approach  appears  to  he  a  useful  tool  for  characterizing  the  process  that  gov¬ 
erns  contaminant  leaching  from  sediment  solids.  Preliminary  results  suggest 
that  leaching  oi  arsenic  and  cadmium  from  Indiana  Harbor  sediment  is  governed 
bv  an  oil  and  grease  film  rather  than  equilibrium  partitioning  between  the 
sediment  and  aqueous  phase. 
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ABSTRACT 


Floatable  marine  copepods  (Acartia  nlaui-i)  were 
reared  for  24  hr  in  seawater  containing  sediment.  The 
sediment  contained  0.002  to  0.003  ppm  of  methylmercury 
and  32.47  to  59.01  ppm  of  total  mercury.  Before  the 
start  of  the  rearing  experiments,  the  sediments  were 
irradiated  with  sunlight  for  6  hr  a  day  for  23  days. 
The  population  density  of  the  copepods  was  10  to  41 
individuals  per  litre.  The  copepods  were  collected 
and  methylmercury  and  total  mercury  in  copepods  were 
measured.  Then  dissolved  methylmercury  concentration 
in  the  seawater  was  estimated  by  the  use  of  the 
correlation  between  the  bioconcentration  factor  of 
methylmercury  and  population  density  of  copepods,  and 
by  the  use  of  methylmercury  concentration  in  the  cope¬ 
pods.  The  concentrations  of  methylmercury  and  total 
mercury  in  the  copepods  increased  by  0.0045  to 
0.17  ppm  and  0.7  to  1.706  ppm,  respectively.  The 
estimated  concentrations  of  dissolved  methylmercury 
were  0.000012  to  0.00026  ppb.  These  concentrations 
correspond  to  1/100  to  1/6  of  methylmercury  contents 
in  the  sediments  used  in  the  experiments.  From  the 
experiments,  it  was  concluded  that  short-term  sunlight 
irradiation  and  short-term  exposure  of  aerobic 
condition  did  not  form  methylmercury  from  inorganic 
mercury  in  the  sediments,  but  dissolved  methylmercury 
and  inorganic  mercury  into  the  seawater  from  the 
sediments . 


INTRODUCTION 


In  dredging  it  is  very  common  for  the  dredged  material  to  contain  toxic 
substances.  When  inorganic  mercurv  exists  in  the  dredged  material,  it  is 
feared  that  inorganic  mercurv  changes  into  methv Iren  urv  in  the  sediments  hv 
the  irradiation  of  ‘unlight  and  aerobic  condition  ( Fti  j  i  k  i  and  Ta  i  ima  I  .  , 
IH'u).  I!  me t h v 1  me r (  urv  is  formed  in  the  dredged  material,  me t h\  1  me  re u r v  will 
go  into  the  supernatant  of  tie  water  and  then  the  river  or  seawater  will  be 
polluted  b  v  the  me  t  h  v  1  trie  r  on  r  '  .  1  lie  r  e  t  or  e  ,  monitoring  of  the  supernatant  w  1 1  e  r 
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from  dredged  sediment  ponds  is  indispensable.  However,  the  bioeoji.  crtr.ii  inn 
!  .ntnr  o!  me  t  h  v  1  me  r  o  u  r  v  is  predominant.  branted  tfi.it  the  me  t  ii  v  1  me  r  cur  v  a.  i  n- 
miil.it  ion  from  water  into  iisdi  exists  and  is  de  ter  t  ah  )  e  ,  the  me  t  ii  v  !  me  r  i  n  r  <  nn- 
ientration  in  tfie  water  is  so  slight  tint  it  is  unde  t  ee  t  ah  1  e  . 

Hirota  et  al.  ( 1  9  M  2  )  reported  that  the  negative  correlation  existed  be¬ 
tween  the  bioconcentration  of  me t hy 1  me rcurv  and  the  densitv  of  copepods.  !he 
me t h v 1  me rcu r v  accumulation  into  fish  is  a  slow  process,  hut  the  me t hv 1  me rcu rv 
accumulation  into  copepods  is  rapid  and  the  methy lmercury  concentration  i n 
copepods  reaches  a  plateau  in  24  hr.  Therefore,  copepods  are  useful  indica¬ 
tors  for  me  thy  1  me rcurv  pollution.  To  develop  a  method  of  estimation  for  dis¬ 
solved  methy  Imercurv  into  water  from  the  sediment  containing  mercury,  the  fol¬ 
lowing  experiments  were  conducted. 

EXPERIMENTAL  METHODS 


Floatable  marine  copepods  ( Acartia  clausi)  obtained  from  the  fish  pond  at 
the  Oyano  Branch  of  the  Kumamoto  Prefectural  Fisheries  Experimental  Station  in 
May  1982  were  used  in  this  experiment.  Filtered  seawater  was  placed  in  a 
500-i.  fish-rearing  tank.  Bottom  sediment  containing  mercury  obtained  from 
Minamata  Bay  was  added  to  the  seawater  in  the  fish-rearing  tank  so  that  the 
concentration  of  suspended  substance  was  maintained  at  about  500  ppm.  Irradi¬ 
ation  with  sunlight  and  aeration  with  an  air  pump  to  the  seawater  in  the  fish¬ 
rearing  tank  were  continued  for  6  hr.  Then  the  fish-rearing  tank  was  removed 
to  an  indoor  laboratory,  and  the  copepods  at  a  density  of  15  to  41  individuals 
per  litre  were  added  to  the  seawater.  The  copepods  were  reared  in  the  sea¬ 
water  aerated  with  an  air  pump.  The  water  temperature  was  25.6  to  26.9°  C 
during  the  experiment.  After  24  hr,  the  copepods  were  collected  with  a 
plankton  net  (mesh  size  was  328  pm),  picked  out  by  using  a  needle,  rinsed 
briefly  with  distilled  water,  and  dried  in  an  oven  at  60°  C  until  they  reached 
a  fixed  weight.  The  dry  materials  were  stored  in  a  desiccator.  Then 
methy lmercury  and  total  mercury  in  the  copepods  were  measured. 


Floatable  marine  copepods  ( Acartia  clausi)  obtained  from  the  fish  pond  at 
the  Oyano  Branch  of  the  Kumamoto  Prefectural  Fisheries  Experimental  Station  in 
June  1982  were  used  in  this  experiment.  Bottom  sediment  containing  mercury 
obtained  from  Minamata  Bay  was  placed  in  a  30-£  fish-rearing  tank,  and  fil¬ 
tered  seawater  was  added  to  the  fish-rearing  tank  so  that  the  seawater  came  up 
to  the  surface  of  the  sediment.  Then  the  fish-rearing  tank  was  set  outdoors 
and  the  sediment  irradiated  with  sunlight  for  23  days.  The  weather  during 
this  irradiation  with  sunlight  was  as  follows:  10  days  fine,  9  days  fine/ 
cloudy,  and  4  days  c loudy/rainy .  After  23  days,  the  sediments  irradiated  with 
sunlight  were  added  to  filtered  seawater  in  a  500- f.  fish-rearing  tank  so  the 
concentration  of  suspended  substances  was  maintained  at  about  500  ppm.  The 
f  fsh-rearing  tank  was  removed  to  an  indoor  laboratory,  and  the  copepods  at  a 
density  of  10  to  1!  individuals  per  litre  were  added  to  the  seawater.  The 
copepods  were  reared  in  the  seawater  aerated  wi fh  an  air  pump.  The  water  tem¬ 
perature  was  24. <i  to  .’7.(b'  r  during  tin1  experiment.  Alter  24  hr,  the  copepods 
we  r..  i  ;»•(  red  with  a  plankton  net  ( nesh  s  i  /  e  was  k’H  ,.v  •  ,  rinsed  h  •  :  >  ■ !  1  y  wit:. 


i  k  ,  i  .  [if  '.i  f  .  *.i  [  .  '  we  r  r  •  r  *  ♦  >>:  : 


in-!  f  -  't 


wi ■  r  •  ■  i  i .  : 


Ar  t  :  t  ;  ■  i  !  '  «  -t  h 


c  ?  * ;  \  s  r  t  ii  r 
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- 1  - 1 : ;  > !  it  r  ,  ■■  >m  t ter. ;  .<•  :  1 1  u  r  e  lei  ,i.i  v  s  ,  .  i  ’  r  >  •  wt-,  i ,  t  .••!•.!  :  ■•••  w  i  '  .  I  .  • 

in,!  tin1  met  hv  liru-t  curv  corn  a  ine,j  in  tin  :  :  '  t  r  .  1 1  <■  «•  -  r  r .  ( .  r  .  ■ .  i  •  ;.t  ••••>,.  . 

hen .■  ■■  in-  . , i v e r  i  ■  in t  . i  i  t'  i  ng  methv  lr:cri  urv  w  .  t  »  »>’•- 1  •  <■.  t  .in.  t  he  *  e  ;>.i  ’  i  t 

:  mine  i  ,  .  i  mi  r  <■  t  I;  \  1  me  r  eu  i  - ■  i  n  tin*  ivri  w.i  i-  :•  t  r  . : .  t  e  •  1  i  n  T  > ,  > ' .  ‘  j ,,  i  a  «m.  t 

.•  lut.ifl;  i  on  so  hit  ion.  'i  he  g  I  tit  at  h  i  sn  1  ut  i  •  w.is  t  r  .i  n  '  <•  r  red  t , ,  , ;  .  i  •  ■ :  t  n  *_■ 

I  1 .1  k  t  >>  which  i  nm  i'll  t  r  .1 1  ed  mi!  lurii'  ac  i  <1  and  .  pm  <-nt  ; , , .  t  .  i  - .  ;  1 1  r  pe  i  i  a  n  i  ■ 

so  !  ii  t  i  t  ii  wort'  added;  t  tie  t  1  ask  was  then  lif.it  ••<! .  A' tor  ashing,  !  1  pets  fi’t 
bvdroy.v  ]. amine  hvdroch  1  or  i  (it*  solution  was  .iihHil  to  reduce  tin-  ;">t  as  s  i  .in  ;ut 
mmganate  anil  iranganesr  dioxide.  Mercurv  in  ri;e  solution  was  measured  hv 
t lame le ns  atomic  adsorption  s pec t ropho t one t r v . 


Ana  l_v t  i  ca 1  Method  of  Total  Mercurv 

Analysis  of  total  mercury  in  the  cope pods  and  the  sediments  was  conducted 
as  follows:  copepods  were  placed  in  an  ashing  flask,  concentrated  nitric  acid 
was  added,  and  the  flask  was  heated  until  the  solution  became  clear.  Concen¬ 
trated  sulfuric  acid  and  4  percent  potassium  permanganate  solution  were  then 
added  to  the  flask,  which  was  heated  again.  After  ashing,  10  percent  hydrox- 
ylamine  hydrochloride  solution  was  added  to  reduce  the  potassium  permanganate 
and  manganese  dioxide.  Mercury  in  the  solution  was  measured  by  flameless 
atomic  absorption  spectrophotometry. 

RESULTS  AND  DISCUSSION 

The  experimental  results  on  mercury  uptake  in  Acavtia  clauci  are  pre¬ 
sented  in  Tables  1  and  2.  In  these  tables,  the  mercury  contents  of  the  cope- 
pods  are  shown  on  a  dry  weight  basis,  and  the  mercury  contents  of  the  sedi¬ 
ments  are  shown  on  a  wet  weight  basis.  The  initial  concentrations  of  mercury 
in  the  sediments  used  in  these  experiments  were  as  follows:  in  HH-1  and  HH-2, 
methylmercury  and  total  mercury  were  0.002  ppm  and  56.45  ppm,  respectively;  in 
HH-3  and  HH-4,  methylmercury  and  total  mercury  were  0.003  ppm  and  40.14  ppm, 
respectively;  in  HH-5,  methylmercury  and  total  mercury  were  0.003  ppm  and 
59.01  ppm,  respectively;  in  HH-6,  methylmercury  and  total  mercury  were 
0.003  ppm  and  32.47  ppm,  respectively. 


The  initial  concentrations  of  methy 1  mercury  and  total  mercury  in  the 
copepods  were  0.069  ppm  and  0.081  ppm  (drv  weight  basis),  respectively.  Alter 
the  rearing  experiment,  the  concentrations  of  me  thy  1 mercurv  and  total  mercurv 
in  the  copepods  were  as  follows:  in  HH-1,  methv Imercurv  and  total  mercurv 
were  0.028  ppm  and  0.808  ppm,  respectively;  in  H  H— .’ ,  methylmercury  and  total 
mercurv  were  0.033  ppm  and  0.145  ppm,  respectively;  in  llli-3,  methylmercury  and 
total  mercury  were  O.0U0  ppm  ,incJ  1  .  4J6  ppm,  respectively;  in  HH-4,  methvl- 
nercurv  and  total  mercurv  were  0.1  14  ppm  and  0.04  1  ppm,  respectively;  in  11(1-4, 
me  t  i,v  Imercurv  and  total  mercurv  were  o.l.’>  ppm  and  1.4  11  ppm,  respectively;  in 
iili-U,  methv  Imercurv  and  total  mercurv  were  P.  Pi  ppm  and  3.1  's'  ppm, 
re  s  pe i  t  i ve 1 v . 


A  -  i 


M- 1  '  i-  ' 


C.AM  I  N 


Hi’ !  I''  >  I  >  S  ,  1  >;'!  h  IMt  N'l  i 


i  r  .  •  ■  i-  p  f  r  .1 1  i  ■  ■!'. 

"  i  !  t  men  I  s , 

NV 1  «%c  i  g  ii  t  K.t  s  :  s 

Me t  h  v  i  - 
ill-.  me  I  *,  ii  r  v 

,  0,(111.' 

.  .  ,  o.nnj 

.  1 1 . (/( i  ( 

.  i  *  o. on  ( 


'  e  r  c  u  t  v  1  Din'  on  t  ra  t  1 1  mi 
i  n  1  npepod s  , 
ppm,  _Drv  Weight  Basis 
Total  Methvl- 

Mercurv  mcicurv 

O.HOH  0.0J8 

0.143  <1.03  » 

1  .  t  Jt,  0.049 

0.04  1  0.1  14 

O.OHI  0.009 


I’npii  1  ,lt  inn 
He  ns i t  v 
n!  Copepods 
1  nd  i  v  i  dna  1  s  /  »" 


Number 


:  AH1  1-  MKK01KY  I'PTAKK  IN  COPEPODS,  EXPKR I  MKN'T  2 


Mercury  Concent ra t ion 
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Mercury  Concentration 
in  Copepods, 
ppm.  Dry  Weight  Basis 


Total 
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Methyl- 

mercur 


Population 
Density 
of  Copepods 
Individuals/ £ 


In  experiment  l,  the  concentration  of  methylmercury  accumulated  in  the 
copepods  for  24  hr  was  0.074  ppm  (average).  This  concentration  was  higher 
than  initial  concentration  (0.069  ppm),  and  it  increased  by  0.0045  ppm.  The 
concentration  of  total  mercury  accumulated  in  the  copepods  for  24  hr  was 
0.781  ppm  (average).  This  concentration  was  higher  than  initial  concentration 
(0.081  ppm),  and  it  increased  by  0.700  ppm.  In  experiment  2  the  concentration 
of  methylmercury  accumulated  in  the  copepods  for  24  hr  was  0.239  ppm  (aver¬ 
age).  The  concentration  was  higher  than  initial  concentration  (0.069  ppm), 
and  it  increased  by  0.170  ppm.  The  concentration  of  total  mercury  accumulated 
in  the  copepods  for  24  hr  was  1.787  ppm  (average).  This  concentration  was 
higher  than  initial  concentration  (0.081  ppm),  and  it  increased  by  1.706  ppm. 

In  experiment  1,  on  the  assumption  that  mercury  in  the  sediments  (the 
suspended  substance  is  maintained  at  about  500  ppm)  dissolves  completelv  into 
the  seawater  in  the  300->  fish-rearing  tank,  increased  concentrations  of 
methylmercury  and  total  mercury  in  the  seawater  were  0.0013  ppb  (average)  and 
.’4.13  ppli  (averagi  ),  respectively.  In  experiment  2  on  the  assumption  that 
mercury  in  tin*  sediments  (as  300  ppm  nt  suspended  substance)  dissolves  com¬ 
pletely  int"  the  seawater  in  the  300- ■  fish-rearing  tank,  increased  concen- 
'  rat  intis  dI  me  t  hv  1  me  rt  u  r  v  and  total  men  urv  in  the  seawater  were  0.0013  ppl 
< average  )  in.:  ' .  K  ’  ppb  (average )  ,  respectively.  In  experiment  I,  the 
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Bv  using  the  correlation  in  Figure  1  (log  V  -  »i .  .’>10  -  O.nOi.',  •  l..g  X*  the 

b  iarnnceiit  rat  ion  (actors  tor  a  population  dens  i  tv  ol  2H  individuals  per  litre 

(experiment  I  group)  and  tor  a  density  ol  I  1 . S  individuals  per  litre  t experi¬ 
ment  group  i  were  estimated.  The  bioconcentration  factor  for  the  experi¬ 
ment  1  group  was  about  lb. ',000  times,  and  the  b  ioconcent  rat  ion  factor  for  the 
experiment  group  was  about  b  Vi, 000  times.  Bv  using  the  b  ioconcent  rat  ion 
tactor  obtained  from  the  estimation  and  the  concentration  of  met hy Imercurv 
taken  into  the  copepods,  it  is  possible  to  estimate  the  concentration  ot  dis¬ 
solved  me  thy Imercurv  in  the  seawater.  Obtained  results  were  as  follows.  In 
the  experiment  1  group,  the  concentration  of  dissolved  methy Imercurv  in  the 
seawater  was  0.000012  ppb.  This  concentration  corresponds  with  1/100  of 
methv Imercurv  contents  in  the  sediment.  In  the  experiment  2  group,  the  con¬ 
centration  of  dissolved  methy Imercurv  in  the  seawater  was  0.00026  ppb.  This 
concentration  corresponds  with  1/6  of  methylmercury  contents  in  the  sediment. 


xlO4 


Population  density  (ind./^l 


Figure  1.  Correlation  between  bioconcentrat ion  ol  methy I - 
mercury  (MMC)  and  density  of 


!n  experiment  .  it  was  expected  that  me  thy  Imercurv  formation  from 
inorganic  merourv  in  the  sediments  existed,  and  that  the  concentration  of 
me  t  hv  lmen  urv  in  t  he  copepods  increased  by  0.17  ppm  (dry  weight  basis'), 
however,  the  estimation  metiiod  explained  in  this  paper  suggested  that  the 
contents  of  increased  metliv  imercurv  in  the  copepods  was  brought  about  bv  tfie 
initial  contents  of  methy Imercurv  in  the  sediments.  It  was  considered  that 
ne thv Imercurv  and  inorganic  mercury  in  the  sediments  dissolved  into  the  sea¬ 
water  with  sunlight  irradiation. 

CONCH'S  ION'S 

Marine  copepods  were  reared  in  seawater  containing  sediment  with  methy 1- 
mercurv  and  inorganic  mercury  on  the  particles.  Then  dissolved  methy Imercurv 
concent  rat  ion  in  the  seawater  was  estimated  by  using  the  correlation  between 
the  bioconcentration  factor  of  methy lmercury  and  the  population  density  of 
copepods  and  by  using  methy lmercury  concentration  in  the  copepods.  From  the 
experiments,  it  was  estimated  that  short-term  sunlight  irradiation  and  short¬ 
term  exposure  of  aerobic  condition  did  not  form  methy lmercury  from  inorganic 
mercury  in  the  sediments,  but  dissolved  methylmercury  and  inorganic  mercury 
into  the  seawater  from  the  sediments. 
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WAT  HR  QI'ALITY  MAN  1  PIT. AT  I  ONS  IN  A  KlTKOi’H  !  ('  IMPorNiiMKNI 


lohn  W.  Barko,  Andrew  R.  Klemer,  I'wilette  W.  McFarland,  Rex  I..  When 

Knv i ronmen t a  1  l.abor.itnrv 
Waterways  Experiment  Station 
Vicksburg,  Mississippi  59180 


ABSTRACT 

Poor  water  quality  in  Kau  dalle  reservoir,  lo¬ 
cated  in  west-central  Wisconsin,  has  been  associated 
historically  with  an  overabundance  of  nuisance  plank¬ 
tonic  algae  (phytoplankton)  during  the  summer  months. 
In  an  attempt  to  improve  water  quality,  a  variety  of 
experiments  was  conducted  over  a  2-year  period  in 
large  (10  m  diameter)  enclosed  water  columns.  Spe¬ 
cific  objectives  of  these  experiments  were  to  reduce 
phytoplankton  standing  crop  and  to  promote  favorable 
changes  in  species  composition,  i.e.,  away  from  nui¬ 
sance  algae  (cyanophytes  and  dinof lagellates)  toward 
more  desirable  algae  (diatoms  and  chlorophy tes ) .  Ex¬ 
perimental  treatments,  implemented  singly  and  in  com¬ 
bination,  included  destratification  by  mixing,  addi¬ 
tion  of  soluble  silica,  sediment  sealing  with  sand, 
and  precipitation  of  phosphorus  with  block  aluminum 
sulfate.  Mixing,  alone  or  in  combination  with  silica 
addition,  extended  the  presence  of  vernal  diatom  popu¬ 
lations  into  the  summer  in  one  investigation.  In  con¬ 
trast,  addition  of  silica  to  the  water  column  without 
mixing  had  no  effect  on  diatom  production.  In  gen¬ 
eral,  mixing  stimulated  phytoplankton  production  by 
increasing  phosphorus  availability.  However,  phos¬ 
phorus  inactivation  with  block  aluminum  sulfate  sus¬ 
pended  in  the  water  was  sufficient  to  overcome  this 
effect.  Individual  effects  of  phosphorus  precipita¬ 
tion  and  sediment  sealing  were  similar;  both  decreased 
phytoplankton  standing  crop  in  association  with  de¬ 
creased  total  phosphorus  concentrations.  Since  most 
of  the  phosphorus  contributed  to  the  phytoplankton  in 
F.au  dalle  reservoir  derives  from  the  sediment,  com- 
plexation  of  sediment  phosphorus  is  recommended  to 
improve  water  quality. 


I  NTRODl'CT  I  ON 

Algae  are  an  essential  component  of  aquatic  ecosystems.  These  orgunis 
are  responsible  tor  the  synthesis  o!  organic  materials,  providing  much  of  !> 
the  organic  structure  and  energy  upon  which  other  components  of  aquatic 
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at  t  t'TT’p  t  s  to  manipulate  both  the  standing  crop  and  species  composition  ot  the 
planktonic  algae  (phytoplankton)  ot  Kau  dalle  reservoir,  a  classical lv  eutro- 
p  1 1  it:  svstem  located  in  west-central  Wisconsin.  Results  ot  these  experiments 
are  reported  here  for  initial  consideration  in  formulating  a  management  plan 
spec  i  tic  to  algal  problems  in  Kau  Ga lie. 

SITR  DESCRIPTION 

Eau  Galle  reservoir  is  a  small  (0.6  km2),  shallow  (3-m  mean  depth),  mod¬ 
erately  alkaline  (2-4  meq  l*1)  dimictic  impoundment.  It  has  one  major  and  two 
minor  tributaries,  which  deliver  nutrients  from  cattle  lots  and  associated 
agricultural  lands,  and  a  single  outflow,  which  receives  water  from  both  sur¬ 
face  and  bottom  withdrawal  points.  Major  water  exchange  and  external  nutrient 
loading  occur  during  spring  thaw,  when  as  much  as  half  of  the  reservoir  volume 
is  replaced  within  a  period  of  several  days.  Throughout  the  remainder  of  the 
year,  hydraulic  exchange  is  relatively  minor.  During  the  summer,  bottom  with¬ 
drawal  of  water  in  combination  with  wind-driven  mixing  processes  promote  hypo- 
limnetic  warming  (--15°  C)  ,  which  accelerates  mineralization  rates  and  enhances 
nutrient  cycling.  Historically,  algal  blooms  in  Eau  Galle  reservoir  have  been 
severe . 

The  seasonal  succession  of  phytoplankton  in  Eau  Galle  is  fundamentally 
similar  to  that  described  for  many  temperate  eutrophic  lakes  (Wetzel  1983). 

Eau  Galle  is  dominated  by  diatoms  during  spring  and  fall  periods  of  destrati¬ 
fication  and  codominated  by  cyanophvtes  (blue-green  algae)  and  dinof lagel 1 ates 
during  summer  stratification.  Three  species  ( ;  'taphat:*  >d  i  aaun  ha*:  t  T.srhl  i  Grun.  , 
Aphar.'  ::rr~ynr>i  >  r-aq:<a*  (I..)  Ralfs,  and  "ami  :  nn  yurdinr'  'a  (O.F.M.) 
Schrank)  tvpicallv  contribute  60  percent  or  more  of  total  annual  phytoplankton 
biomass.  Depressed  epi limnetic  silica  ccncen t ra t i ons  occur  during  spring  and 
fall  periods  of  diatom  growth.  The  development  of  nitrogen-fixing  cvanophvte 
populations  during  the  summer  reflects  reduced  inorganic  nitrogen  avail- 
ab i 1  i  t v .  The  combination  of  changes  in  thermal  conditions,  water  column 


1  XI’FK  I MKNTAI.  TREATMENTS  IN  1984 


_ Treatment _ 

Sediment  Seal*  +  Mixed 
Alum**  +  Mixed 
Sediment  Seal 
Alum 


■-  * -■  "-riled"  with  3  cm  of  washed  silica  sand.  Total  mass  added 

•  s  percent)  was  added  in  block  form.  Blocks  were  contin- 

:r!  t  keep  pace  with  dissolution  rate. 


‘crated  samples  (0-3  m)  were  taken  from  each  enclosed  water 
n  water.  Separate  aliquots  of  each  sample  were  analyzed  for 
'phvl 1  a  content  corrected  for  phaeopigments  (American  Public 
i  lAlTiA)  1480) ,  total  phosphorus,  total  soluble  phosphorus, 
'tai  soluble  nitrogen  (Raveh  and  Avnimelch  1979,  for  N  and 
silica  (automated  molybdosilicate  method,  APHA  1980). 

1  counts  and  cell  volume  determinations  were  fixed  in  Lugol's 
;  of  1.0  to  50  ml  were  transferred  to  sedimentation  chambers 
a  Wild  M-40  inverted  microscope  following  the  technique  of 
1  I.eOren  (1958).  Cell  volume  determinations  were  made  in 
•chniques  described  by  Barko  et  al.  (1984). 


RESULTS 


tnkron  Response  in  1983 


o‘s >  investigation  had  three  phases.  During  the  first  phase  (May  9 
columns  »•' 1  and  #2  were  mixed  continuously,  and  silica  was  added 
'  !  and  ‘M  (Table  1).  Silica  enrichment  continued  through  the 

i-:e  (Tune  1  1  to  July  19),  but  mixing  was  intermittent  due  to  storm- 
>wer  failures  on  three  occasions:  June  13,  June  28-29,  and  July  3-6. 

:  inul  period  (July  19  to  August  16),  a  secondary  treatment  (addi- 
iquid  alum)  was  implemented  in  column  #1,  silica  enrichment  continued 
-  •-  ;  and  «i  until  July  22,  and  mixing  in  columns  (/I  and  #2  until 


uni- ton  biomass  and  community  composition  varied  among  study 
'.  Diatoms  and  cryptophvtes  were  most  abundant  during  the 
west  ic.at  ion .  Diatom  biomass  during  the  first  period  was 
••  i \ed  columns  than  in  either  the  unmixed  columns  or  the 
■  crvptophvte  biomass  was  greatest  in  the  unmixed 


’•  investigation,  total  phytoplankton  biomass 
■  open  water  .and  in  all  columns  except  (-‘2. 
poriml  was  due  almost  entirely  to  the  develop- 
I  1  a  t  e  blooms  as  populations  of  diatoms  and 
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Phytoplankton  Response  in  1984 

The  1^84  investigation  was  continuous,  with  no  interruptions  in  mixing. 
Phytoplankton  biomass  in  1984,  with  the  exception  of  that  in  column  if  1,  was 
about  half  the  biomass  in  1983  (contrast  Figures  1  and  2).  Greater  biomass  in 
column  //I  than  elsewhere  was  due  solely  to  the  development  of  a  massive  chlo- 
rophyte  population  (principally  the  filamentous  species,  Mougcotia)  during  mid 
through  late  summer  (Figure  2) . 


OPEN  WATER 


ALUM 

COLUMN  #4 


SEDIMENT  SEAL 

COLUMN  #3 


ALUM  +  MIXED 

COLUMN  #2 


DATE  IN  1984 


SEDIMENT  SEAL  +  MIXED 

COLUMN  #1 


mscuumous 


DATE  IN  1984 


V  VM.IWMUH.'  M  VIW  if  V  P  «J 


CvV\  *-  v  V  -  *.  <  * .  *  - 


v;  v  *  vj.tv.'v. 


Dinol  l.^i'  1  1  ates  peaked  in  the  open  water  and  in  all  columns  except  M 
during  dune  ol  1DH.,  approximately  1  month  earlier  than  in  the  previous  year. 
These  peaks  corresponded  with  the  waning  of  relatively  minor  diatom  and 
chrvsophvte  populations.  During  mid-. July  cvanophvtes  assumed  dominance  over 
d  inot  1  age  1  1  ates .  Biomass  in  all  columns  except  // 1  at  that  time  was  excep¬ 
tionally  low,  hut  comparable  to  that  in  the  open  water.  Throughout  the 
remainder  of  the  study,  evanophytes  continued  to  dominate  all  columns  and  the 
open  water.  Dominance  in  column  #1,  however,  was  shared  bv  chlorophytes. 


Physical  and  Chemical 
Effects  on  Phytoplankton 


Additions  of  silica  to  the  water  column  in  1983  significantly  increased 
silica  concentrations,  up  to  threefold  greater  than  in  the  open  water,  but 
this  treatment  alone  had  no  effect  on  diatom  biomass.  Diatom  production  was 
stimulated  by  addition  of  silica  in  combination  with  mixing  (column  // 1 )  ,  but 
to  a  lesser  extent  than  mixing  alone.  Dissolved  SiO^  concentrations  in  1984 

increased  progressively  from  <3  mg  to  9  mg  throughout  the  study,  did 
not  vary  among  treatment  columns  or  the  open  water,  and  were  unrelated  to 
diatom  abundance. 


Total  nitrogen  concentrations  were  essentially  unaffected  by  the  various 
treatments  in  either  investigation.  In  contrast,  total  phosphorus  was  higher 
and  ratios  of  total  nitrogen  to  total  phosphorus  were  lower  in  mixed  columns 
and  the  open  water  than  in  unmixed  columns,  particularly  in  1984  (Figure  3). 
Part  of  this  effect  was  due  to  reductions  in  phosphorus  associated  with  sedi¬ 
ment  sealing  (1984,  column  // 3)  and  addition  of  alum  (1984,  column  #4).  How¬ 
ever,  the  same  trend  in  1983  with  no  experimental  reductions  in  phosphorus 
indicates  that  mixing  did  elevate  total  phosphorus  levels.  In  both  investi¬ 
gations  there  were  strong  associations  between  high  total  phosphorus  concen¬ 
trations,  low  nitrogen-to-phosphorus  ratios,  and  high  cyanophyte  biomass. 
Conversely,  low  total  phosphorus  and  high  ratios  of  total  nitrogen  to  total 
phosphorus  were  associated  with  high  dinof lagellate  biomass. 

Concentrations  of  total  phosphorus  were  significantly  correlated  posi¬ 
tively  with  total  phytoplankton  biomass  (r  >  0.33,  p  <  0.01)  and  negatively 
with  Secchi  depth  (r  <  -0.73,  p  <  0.01)  during  both  study  years.  Secchi  depth 
decreased  in  these  investigations  proportionately  with  increasing  phytoplank¬ 
ton  biomass,  and  was  further  depressed  periodically  in  mixed  columns  due  to 
turbidity  caused  by  sediment  resuspension.  Mixing  increased  the  rate  of  phos¬ 
phorus  flux  from  sediment  interstitial  water  into  the  overlying  water 
(Table  3).  Notably,  however,  sediment  sealing  reduced  the  rate  of  phosphorus 
flux  to  less  than  half  that  determined  under  unsealed  conditions.  All  experi¬ 
mental  water  columns  remained  aerobic  from  surface  to  sediment  surface;  thus, 
dilierenres  in  phosphorus  flux  were  probably  not  determined  by  differences  in 
redox  po  t  <•:  rial. 
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TREATMENTS 


- °  ALUM  • - «  ALUM  ♦  MIXED 
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Total  phosphorus  (TP)  concentrations  and  ratios  ot  total 
nitrogen  t o  total  phosphorus  (TN/TP)  in  the  open  water 
and  in  experimentally  enclosed  water  columns  during  the 
summer  ot  1  ')H.i 


TABLE  1.  FI. IX  KATKS  (AT  1  r>  C)  OF  ORTHOPHOSPHATE  FROM  SKPIM FN'TS  WITHIN 
SELECTED  EXPF.R  IMKNTAI.  COLUMNS  OCR  INC  THE  I  ‘<84  INVESTIGATION 


Treatment  Condition 


Flux  Kate,  mem  dav 


Sediment  S 
Sediment  S 
Sed 


*  Calculated  using  a  modification  of  Fick's  equation  from  vertical  profiles  of 
orthophosphate  concentration  measured  in  sediments. 


open  water  as  well  as  in  the  unmixed  columns,  diatoms  began  declining  in  mid- 
May  as  water  column  stability  (i.e.,  resistance  to  mixing)  increased. 

Diatoms,  because  they  are  relatively  dense  and  lack  the  ability  to  maintain 
position  within  the  water  column,  are  particularly  disadvantaged  in  hydrau¬ 
lically  stable  environments  (Hutchinson  1967).  Destratification  by  mixing  in 

1983  facilitated  the  extension  of  spring  diatom  populations  into  the  summer, 
but  this  effect  was  not  enhanced  by  silica  additions.  Thus  diatom  population 
dynamics  in  Eau  Galle  appear  to  be  more  responsive  to  hydraulic  conditions 
than  to  the  availability  of  silica. 

Unlike  conditions  in  1983,  experiments  in  1984  were  initiated  a  full 
month  following  the  collapse  of  vernal  diatom  populations  (Barko,  unpub¬ 
lished),  and  in  contrast  to  the  previous  year's  results,  diatom  production  in 

1984  was  not  encouraged  by  mixing.  Apparently,  mixing  in  Eau  Galle  is  only 
effective  in  maintaining  vernal  diatom  populations  when  initiated  prior  to 
diatom  collapse  (see  also  Nicholls,  Kennedy,  and  Hammett  1980). 

We  were  partially  successful  in  maintaining  preferred  algae  (diatoms)  by 
mixing,  but  not  at  the  expense  of  nuisance  algae  (cyanophytes  and  dinoflagel- 
lates) .  In  general  the  growth  of  cyanophytes  was  stimulated  by  mixing,  while 
that  of  dinof lagellates  was  either  depressed  somewhat  or  unaffected  under  the 
same  conditions.  The  growth  of  chlorophytes ,  principally  filamentous  Mougeo- 
tia,  which  is  not  a  desirable  species,  was  also  stimulated  under  some  circum¬ 
stances  by  mixing — in  combination  with  alum  treatment  in  1983  and  sediment 
sealing  in  1984.  Chlorophytes  were  essentially  absent  from  columns  in  which 
mixing  was  implemented  alone. 

Trimbee  and  Harris  (1984)  suggested  that  the  most  notable  effect  of 
periodic  natural  mixing  episodes  on  phytoplankton  was  a  shift  in  dominance 
from  nonnitrogen-fixing  to  nitrogen-fixing  species.  In  our  investigations 
nitrogen-fixing  cyanophytes  dominated  at  times  under  both  mixed  and  unmixed 
conditions,  but  were  generally  more  abundant  in  mixed  columns.  The  most  prom¬ 
inent  cyanophyte  taxa  in  mixed  columns  were  AKabacna  and  Aphtzn*  xoncKon  spe¬ 
cies,  both  of  which  readily  fix  nitrogen.  Nitrogen  fixation  has  been  viewed 
is  a  response  to  stoichiometric  imbalance  between  nitrogen  and  phosphorus 
availability  ^Schindler  IV//').  Accord  i  rig  I  v ,  relatively  low  ratios  of  total 
ti'rrogcn  to  total  phosphorus  (TN/TT),  as  in  our  mixed  columns,  tend  to  favor 
n  i  t  r aigon-  t  i  >:  i  ng  i  '  '.livaibv  t  e  ■.  I'.mith  1'iHH. 


I.'inot  la^e  1  lates ,  principal  lv  c*',  were  dominant  in  the  absence  <>l 

mixing  during  mid  through  late  summer  in  198  i.  However,  in  198  4  mixing  had  no 
obvious  effect  on  d ino 1  1  age  1 1  a tes  ,  which  achieved  dominance  in  all  columns  and 
in  the  open  water  during  the  earl v  summer.  An  interesting  observation  appli¬ 
cable  to  both  years  ot  invest igat ion  is  that  d  i  no t  1  age  1  1  a tes  general  lv  lared 
best  where  cyanophvtes  fared  poorest.  On  the  whole,  198  1  was  dominated  hv 
d Inof lage 1 lates  while  in  1984  cvanophvtes  dominated.  There  mav  he  an  antago¬ 
nistic  Interaction  that  accounts  for  the  apparent  inverse  relationship  between 
d ino f  lage 1  late  and  cyanophvte  population  development  (Vance  I9h5;  Dottne- 
Llndgren  and  Ekbohm  14/S;  and  Nicholls,  Kennedv,  and  Hammett  I  980),  hut  causal 
mechanisms  have  not  been  satisfactorily  explained. 

In  general,  the  production  of  phv top  1 ank t on  biomass  was  stimulated  bv 
mixing,  and  this  effect  was  most  pronounced  in  1981.  We  attribute  this  re¬ 
sponse  to  increased  phosphorus  availability  caused  by  sediment  resuspension 
and  enhanced  phosphorus  diffusion  from  sediments  under  mixed  conditions.  Not¬ 
ably,  phosphorus  Inactivation  with  block  aluminum  sulfate  under  these  condi¬ 
tions  was  sufficient  to  overcome  stimulated  biomass  production.  Although 
these  results  are  strictly  applicable  only  to  relatively  shallow  regions  (less 
than  about  3  m)  of  Fau  Galle,  they  do  underscore  the  important  influence  of 
sediments  or  phosphorus  availability  and  resultant  phytoplankton  production. 

The  sediment  is  the  major  source  of  phosphorus  in  F.au  Galle  during  the 
summer  months,  when  inflows  account  for  no  more  than  a  few  percent  of  the 
total  phosphorus  budget  (James,  Kennedy,  and  Gaugush  1985).  During  this 

period  phosphorus  in  concentrations  >2,000  ug  2'1  in  the  anoxic  hypolimnion  is 
made  available  to  the  phytoplankton  by  periodic  weather-related  mixing  events 
(Gaugush  1984),  Mixing  in  Eau  Galle  is  facilitated  by  relatively  low  water 
column  stability  due  to  the  effects  of  bottom  withdrawal  of  water  on  the 
thermal  regime.  Similar  effects  of  weather-induced  mixing  on  phosphorus 
dynamics  have  been  reported  for  Shagawa  Lake,  Minnesota,  another  relatively 
shallow  basin  located  within  the  same  climatic  setting  as  Eau  Galle  (Stauffer 
and  Armstrong  1984). 

Sediment  sealing  with  sand  in  the  absence  of  mixing  was  fairly  effective 
in  reducing  total  phosphorus  release  from  sediments  under  ambient  aerobic 
conditions,  but  would  probably  have  had  a  lesser  effect  under  anaerobic  con¬ 
ditions  due  to  enhanced  phosphorus  availability  at  low  redox  potentials 
(Wetzel  1983,  p  261).  Mixing  largely  negated  the  effect  of  sediment  sealing 
on  phosphorus  release,  indicating  that  the  advantage  gained  by  increasing  the 
diffusion  distance  between  sediment  surface  and  overlying  water  was  minor. 
Addition  of  alum  in  the  1984  investigation  decreased  total  phosphorus  concen¬ 
trations  in  an  unmixed  water  column,  and  thus  was  effective  in  precipitating  a 
portion  of  the  phosphorus  released  from  underlying  sediment. 

Improved  water  quality  in  Eau  Galle  will  require  a  reduction  in  phos¬ 
phorus  release  from  sediments  during  the  summer  months.  We  propose  to  do  so 
by  administering  alum  directly  onto  the  sediment  surface  within  the  profundal 
region  (i.e.,  >3-m  depth)  according  to  procedures  described  in  Kennedy  and 
Cooke  (1982).  The  advantage  to  using  alum  as  opposed  to  an  inert  sediment 
seal  is  that  the  former  selectively  complexes  phosphorus  in  chemical,  forms 
that  are  unaffected  by  changes  in  redox  potential.  Prerequisite  to  the  suc¬ 
cessful  application  of  this  approach  is  the  knowledge  that  internal  loading  of 
phosphorus  from  sediments  dominates  the  midsummer  phosphorus  budget.  Alum 


!  !  r.i  t  n  t  i  ■  T  intent  s  hi  11.1 1  u  r  .1  !  !  .it  '  '  m  t  r  •  >  \  ;■>  t  '  ■  |>  i  1  r<  <■  t  ■  m  ;  ■  r  -  >  > !  1 ; .  ( 

'11,  1  ■  1  1  1 :  >•  1 •  1 1 1  ■  r  .  1  !  ■.  • ;  1 1  i  f  «  ,ij«  .  *u!  •  •  .in-!  r  ••  11 1  ,  *  • » r  l-.i  ••  ■ 

■  ipt> !  i  *••!  t  ■  1  ri'siTV"  ;  1  •-  v  ,  I  *•  jn 


A'  y-  «;  i  ■" .Mi  •. : 


We  i'  T  1 1  !  11  !  1  .  11  i-  tii  'W  ]  *m| i' f  v  .  M  .  ili  - 11 1 1  l  !)>'  t  ii  ui'i  M  .  A  !  h  1  :  I  I  . >11  :  1  ■  1  t  hr  j  '  1  ' 

ri.i  t  .1111  t-  ,  .1  ml  tlic  '  :>  A  r  av  (  nr  ps  • 1 !  I  ii(>i  in-«-r  ,  t  .  i'.ni  I  :  ■  1  s  t  r  i  1  t  ,  f  ■  >  t  t  hi-  i  1 

1  I'.'jii-r.it  inn  i  11  t  *  1  i  • .  c  '  ‘  ■  1  r  t  .  1 . .  !  .  1  .i  k1  si  1. 1  I  k  .uni  !  .  K  .  A  .  m  1  r  t  1  •,  ■■  i  s  t  i--i  in 

"..i:iu  1  r  1  ;i  t  1  i'V  i  i‘W.  1 '  1 1-  r  i  1  .1  i  and  gi  .  ipli  i  c.i  1  suppur  t  we  1  «*  pi  1  ■•••  1  ili-il  l>  v  I  in-  a. it  ••  t 

w.iv  •-  f  >. pet  i  men t  'it  .it  i«>n  .  !•  mid  i  up  !  ui  this  e !  !  •  >  r  t  w.i  t  u  1  11 1  sh  ml  !>v  t  hr  1  .  ■  1  p 

■  • !  !  n  g  I  lie  e  1  '  I-  nv  i  n  >nmeu  t  .1  I  W.i  1 1-  r  1  >11.1  i  i  t  v  ami  1  *;»«•  r  .1 1  i  un.i  1  1  t  ml  I  ••  s  Hcm'.iii  I 

f  t  ■  •  c  1  •  1  m . 

REFER I  MTS 

Arii-r  i  can  Pub  I  f  <•  Health  Assoc  iat  ion  .  I  '*80.  Standard  Methods  lor  the  Kxnir  Jna- 
t  inn  nt  Water  and  Wastewater.  Ir>th  ed .  ,  New  York,  New  York  ,  I'SA. 


Barko,  W'.,  Bates,  I).  I.,  F  i  1  h  i  n ,  G.  .1.,  Ilenn  ington ,  S.  M.,  and  McFar¬ 
land,  Ik  >■.  1984.  "Seasonal  Growth  and  Community  Compos  i  t  i  on  ot  Phyto¬ 

plankton  in  a  Futrophic  Wisconsin  Impoundment,"  dournal  ol  Freshwater  Ecology, 
Vo  1  .’ ,  No  .  h  ,  pp  5  1  9- 5  II . 

Cooke,  C.  I).,  and  Kennedy,  R.  H.  1981.  "Precipitation  and  Inactivation  of 
Phosphorus  as  a  Lake  Restoration  Technique,"  EPA-600/3-8 1 -0 1 2 ,  Corvallis 
environmental  Research  I.aboratory,  US  F.nvironmental  Protection  Agency, 
Corvallis,  Or eg.,  USA, 

Dottne-I.indgren  A.,  and  Ekbohm,  G.  1975.  "Ceratiwv  hirundinclla  in  Lake 
Erken:  Horizontal  Distribution  and  Form  Variation,"  Internationale  Revue  der 

gesamten  Hydrobiologie ,  Vo  1  60,  pp  115-144. 

Gaugush,  R.  F.  1984.  "Mixing  Events  in  Eau  Galle  Lake,"  Lake  and  Reservoir 
Management,  Proceedings  of  the  Third  Annual  Conference,  North  American  Lake 
Management  Society,  US  Environmental  Protection  Agency,  Washington,  DC,  USA, 
pp  286-291. 

Henning,  M. ,  and  Kohl,  J.-G.  1981.  "Toxic  Blue-Green  Algae  Water  Blooms  Found 

in  Some  Lakes  in  the  German  Democratic  Republic,"  Internationale  Revue  der 
gesamten  Hydrobiologie,  Vol  66,  No.  4,  pp  553-561. 

Hutchinson,  G.  E.  1967.  A  Treatise  on  Limnology,  II,  Introduction  to  Lake 
Biology  and  the  Limnoplankton ,  Wiley,  New  York,  USA. 

James,  W.  F. ,  Kennedy,  R.  H.,  and  Gaugush,  R.  F.  1985.  In  press.  "Hypolim- 
netic  Phosphorus  Dynamics  in  Eau  Galle  Lake,  Wisconsin,"  Limnological  Studies 
at  Fau  Galle,  Wisconsin,  Technical  Report,  R.  H.  Kennedy,  ed . ,  US  Army 
Engineer  Waterways  Experiment  Station,  Vicksburg,  Miss.,  USA. 

Kennedy,  R.  H.,  and  Cooke,  G.  D.  1982.  "Control  of  Lake  Phosphorus  with 
Aluminum  Sulfate:  Dose  Determination  and  Application  Techniques,"  Water 
Resources  Bulletin,  Vol  18,  No.  3,  pp  389-395. 


I  /<! 


1  und  , 

I  .  W  .  i  • . 

■  t  ud  1 

V  •  i  > 

n 

a  ■  , 

.  H.i  s  s  .  1  ! 

Nut 

r  i 

fil  t 

!  ><‘  p  1  c 

t  i ' >i>  .iikI 

t  he  |>  t  1  ng 

Max i mum , 

t  * 

linirna  1 

ot  1 

1  o  1  og'.  ,  Vo 

1  la 

pp  1 

.  .  "!ii 

IT;,  1  r  V 

!'  T  0(1 

u< 

t  ion  ind 

r  i 

■>d  i  (  It-  o! 

Phv  t  o 

p  1  .ink  t 

1 1 

on  , 

IV rhund 1 un 

1 .  !  Intel 

il.it  1  t'U.i  1  e 

n 

Ve  re  i  n.  i  guug  ‘ 

ur  Theoret 

isclie 

und 

An 

gew.md  1 1 

'  imiio 

1 

'  •  pp  1 

’  —  . 

;  und  , 

i .  ...  .  . 

.  lip!: Ug . 

and 

1  e 

t  t  ell  ,  1  . 

D. 

1  '*  a H  .  "Til 

e  1  nve 

r  t  fil 

M 

i  <  T  C » - 

up,. 

Met  1  ...I  > 

'  1  ■- 1  i  ;:i.i  t  i 

ng  A) 

g.i  ! 

Numbers  and 

the 

Statistic 

al  Has 

is  ; » 

! 

1st  imn- 

t  i  ("Is 

I>  V . .  t 

ifvd 

to!)  1  d 

1 

a  , 

Vol  II, 

pp  1 

..  <-  1  /'<!. 

i  fiin 

i  is .  v .  •• 

.  ,  t Cnneijv 

»  *N  .  , 

and 

H 

amine  t  t  ,  ( 

1 

UKH.  "A  F 

ish-F  l 

1  1  in 

Ilea i  t 

!  u  k  c  , 

1 'u  t . i  >  : (  . 

\  i.lt  e 

d  Wit 

h  tli 

** 

t  o 1  lapse 

t  >  t  ,  l 

Mass  i  ve  1’ 

op  11  l.lt 

1  on 

o! 

i  D  i  iiupfi  vci'.ic  )  ,  "  Freshwater  Biology,  Vo]  10,  pp  55)-5f>l. 


i ,'i i  i  n  t  e  rn  ,  '  .  i  .  ,  mil  l..irt  mi ,  I  .  ]■  .  I  **  '  t .  ”A  Low  File r gv  L.i k e  De  s t  t'.i t  i  I  i e r  ,  " 

I_r.msae 1  :  on'.  • tlif  American  Sm  ict  v  of  Agricuitnr.il  Fng  i  nor  r  s  .  Vo  1  I  h ,  No.  5 , 
pi i  4 7  1-4  ■'  H  . 

Kaveh,  A.,  .uul  Avnimelch,  V.  1474.  "Total  Nitrogen  Analysis  in  Water,  Soil 
and  1’lant  Material  with  I’ersultate  Oxidation,"  Water  Research,  Vol  13, 
nn  4  1  I  -4  I  ’  . 

Schindler,  l1.  W.  14/7.  "Kvolution  ot  Phosphorus  Limitation  in  Lakes: 

Natural  Mechanisms  compensate  for  Deficiencies  of  Nitrogen  and  Carbon  in 
Kutrophied  Lakes,"  Science,  Vol  145,  pp  260-282. 

Smith,  V.  H.  148  1.  "Low  Nitrogen  to  Phosphorus  Ratios  Favor  Dominance  by 
Blue-Green  Algae  in  Lake  Phytoplankton,"  Sc ience ,  Vol  221,  pp  669-671. 

Stauffer,  K.  K.,  and  Armstrong,  D.  E.  1984.  "Lake  Mixing  and  Its  Rela¬ 
tionship  to  F.pi  limnetic  Phosphorus  in  Shagawa  Lake,  Minnesota,"  Canadian 
■Journal  of  Fisheries  and  Aquatic  Sciences,  Vol  41,  pp  57-69. 

Trimbee,  A.  B.,  and  Harris,  G.  P.  1984.  "Phytoplankton  Population  Dynamics 
of  a  Small  Reservoir:  Effect  of  Intermittent  Mixing  on  Phytoplankton  Succession 
and  the  Growth  of  Blue-Green  Algae,"  Journal  of  Plankton  Research,  Vol  4, 
pp  699-713.  " 

Vance,  B.  D.  1965.  "Composition  and  Succession  of  Cyanophycean  Water 
Blooms,"  Journal  of  Phycology,  Vol  1,  pp  81-86. 


Wetzel,  R.  G.  1983.  Limnology ,  W.  B.  Saunders,  Philadelphia,  Pa.,  USA. 


THF  FFFKCTS  OF  SFDIMFNT  ON  THF  Sl'KVIVAI 
OF  MYSIDS  FXCOSFD  TO  OKOANOTINS 


M.  H.  Salazar,  S.  M.  Salazar 
Knv 1 ronment a  1  Sciences  Division 
Naval  Ocean  Systems  ('enter 
San  Diego,  Call  torn  la  tC'IS.’ 


ABSTRAt T 

A  10-dav  flow-through  toxicity  test  was  conducted 
by  exposing  mysids  (Avan  thor’rjr :  p  rrulptc)  to  organotin 
antifouling  (AF)  leachates.  A  paired  design  with  and 
without  sediment  was  used  to  determine  if  sediment  af- 
fects  the  survival  of  mvsids  exposed  to  organotin  AF 
leachates.  Since  the  Navy  is  considering  a  fleetwide 
conversion  from  copper-based  AF  coatings,  it  is  study¬ 
ing  the  potential  environmental  impact  of  organotins 
and  their  effect  on  the  dredging  permit  process, 

Fighteen-day-old  mysids  were  exposed  to 
tributyltin  (TBT)  concentrations  averaging  O.bO  ppb 
for  10  days  in  the  presence  and  absence  of  sediment. 
TBT  concentrations  in  tanks  with  and  without  sediment 
ranged  from  0.41  to  0.80  ppb  and  0.54  to  0.78  ppb, 
respectively.  Sediment  did  not  accumulate  detectable 
quantities  of  TBT  during  31  days  of  exposure. 

Sediment  and  toxicant  both  affect  the  survival  of 
mysids.  Sediment  became  a  statistically  significant 
factor  in  the  survival  of  mysids  by  day  7  and  contin¬ 
ued  to  be  a  factor  until  the  end  of  the  experiment. 
Mysids  exposed  to  TBT  exhibited  significantly  higher 
survival  in  tanks  with  sediment  than  in  tanks  without 
sediment.  A  significant  decline  in  survival  in  the 
TBT  tanks  without  sediment  was  observed  2  days  before 
such  a  decline  in  the  TBT  tanks  with  sediment.  The 
TBT  toxicant  became  a  significant  deleterious  factor 
by  day  8.  After  10  days  control  survival  was  100  per¬ 
cent  with  sediment  and  95  percent  without  sediment; 

TBT  treatment  survival  was  46  percent  with  sediment 
and  30  percent  without  sediment. 


INTRODUCTION 

AF  coatings  for  ship  hulls  contain  toxic  compounds  such  as  copper  and 
organotin  which  leach  out  of  the  coating  matrix  to  inhibit  attachment  of 
marine  organisms.  These  toxicants  enter  the  water  column  and  a  significant 
portion  is  then  adsorbed  by  the  sediment.  Since  the  Navy  is  considering  a 
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■  -.'livers  iiMi  !  rum  cupper  to  organot in-based  AK  coatings,  it  is  studying  t  tie 
pi'fent  i.i  !  I’tiv  i  ronment  a  1  impart  that  might  be  attributed  tn  ileetwide  implemen¬ 
tation  ot  ar^anut  in-based  A1  coatings.  In  a  related  program  the  Nuvv  is  also 
" t udv  i  n>’  the  potential  e!  lei  ts  ot  organet  ins  on  dredging  and  disposal,  and  the 
dredging  periv.it  process. 

Sediment  dredging  i  s  a  major  and  continuing  Navy  requirement  which  is 
current!1  approaching  1 '>  million  ni  yd/vear.  With  a  projected  introduction  of 
deep  dr,i:t  vet. eels  and  a  potential  bOO-ship  Navy  l>v  tlie  year  I’OOO,  this  burden 
will  on,  v  increase.  Anticipating  this  potential  problem,  the  Navy  has  devel¬ 
oped  ,i  program  to  expedite  Navy  dredging  by  optimising  the  dredging  permit 
process.  As  part  ot  this  program,  a  Memorandum  of  Agreement  (MOA)  with  the 
Armv  dorps  oi  Kngineers  (t’K)  has  been  proposed.  As  part  ol  this  program  a 
hioassav  was  conducted  on  organot in-contaminated  sediment  from  San  Diego  Bav 
;  Salazar  and  Salazar  14Kd). 

Although  some  commercial  fleets  and  private  owners  currentlv  use 
organot  ’ u-hased  AK  coatings,  the  behavior  of  organotin  compounds  in  the  marine 
environment  is  not  clearly  understood.  To  date  there  are  no  regulatory  cri¬ 
teria  for  the  disposal  of  organo t i n-contaminat ed  sediments.  Since  there  are 
potential  environmental  problems  associated  with  organotin  AK  coatings,  the 
Navv  ha^  sponsored  a  research  program  over  the  last  5  years  to  study  the  fate 
and  effects  of  organotins  in  the  marine  environment.  Much  of  this  time  was 
spent  developing  techniques  for  accurate  measurement  of  organotins  in  sea¬ 
water,  sediment,  and  tissues.  Concurrently  a  number  of  programs  were  devel¬ 
oped  to  measure  the  toxicity  of  organotins. 

The  principal  toxicant  in  organotin  coatings  is  TBT  either  in  unbound 
mixtures  or  in  controlled  release  polymers.  The  TBT  is  released  from  the 
coating  through  hydrolysis  to  marine  waters.  It  is  generally  accepted  that 
the  TBT  cation  is  the  toxic  component  and  the  anion  is  not  a  factor  in  its 
toxicity.  TBT  degradation  products  are  less  toxic  than  the  parent  compound. 
Our  work  has  shown  that  TBTs  are  nearly  an  order  of  magnitude  more  toxic  than 
dibutvltins  and  two  orders  of  magnitude  more  toxic  than  monobutyltins  (Salazar 
and  Salazar  1985).  Smith  (1979)  has  reported  similar  results.  Smith  also 
reports  that  the  most  important  use  of  TBT  oxide  is  in  marine  AF  paints.  For 
these  reasons  we  have  conducted  almost  all  toxicity  tests  with  the  TBT  form. 
Only  recently  have  the  most  meaningful  results  been  produced  due  to  refine¬ 
ments  in  both  the  biological  assessments  and  analytical  techniques. 

Our  early  work,  as  well  as  the  work  of  others,  has  shown  that  sensitive 
marine  species  exhibit  significant  mortality  at  TBT  concentrations  below 
1  ppb.  During  the  past  year  we  have  measured  TBT  concentrations  in  seawater 
as  high  as  0.93  ppb  in  an  enclosed  yacht  basin  in  San  Diego  Bay  (Valkirs 
et  al.  1985a).  This  concentration  exceeds  the  0.60  ppb  TBT  reported  to  cause 
effects  on  sensitive  marine  organisms  like  copepods  and  mysids  in  laboratory 
tests  (U'Ren  1983;  and  Valkirs,  Davidson,  and  Seligman  1985).  To  assess 
future  dredging  problems,  we  conducted  a  standard  dredged  material  bioassay 
with  organotin-contaminated  sediment  from  an  area  in  Ran  Diego  Bay  where  we 
had  previously  measured  the  highest  concentration  of  TBT  in  sediment.  The 
results  from  that  study  indicate  organotins  bound  to  and  released  from 
sediments  were  not  as  toxic  as  anticipated.  We  were  surprised  to  find  no 
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st.it  ist  ical  1  v  si  uni!  irant  toxicitv  in  tank  s  with  high  !  H  1  concent  rat  ions  iu 
the  sediment.  Elutriate  concent  rat  ions  in  that  fast  approached  tin".,- 
producing  sigtiiiic.mt  mortal  it  ies  in  other  studies. 

The  relationship  hetwaan  sediment  and  1  I'd  tox  ia  i  t  v  to  mvsid-  was  examined 
in  more  detail  during  the  present  studv.  ilia  purpose  o'  this  worl  was  to  de¬ 
termine  it  the  survival  ol  mvsids  exposed  to  organot in  A1  leachates  is  .it  - 
f’ected  hv  the  presence  ot  sediment. 

MKT  HOI  )S  AND  MATER  I  A! S 

F. xpe r i me n  t  a  1  he s  nt  n 

Four  experimental  eonilitions  were  used  to  test  the  el  tacts  ot  sediment 
and  organotin  leachate  on  mvsid  survival.  Thev  were :  clean  seawater  on  1 v 
((ISO),  clean  seawater  with  sediment  (OSS),  TBT  leachate  seawater  on  1 v 
(TBT-SO) ,  and  TBT  leachate  seawater  and  sediment  (TBT-SS).  The  t  irst  two 
conditions,  CSO  and  CSS,  were  designed  as  controls.  Mvsid  survival  data  for 
treatments  were  compared  with  controls  with  a  two-way  analysis  of  variance 
(ANOVA)  (Figure  1).  The  variables  compared  were  toxicant  ("control"  versus 
"organotin  exposures")  and  substrate  ("seawater"  versus  "sediment").  The 
ANOVA  also  permitted  testing  for  significant  interaction  ol  TBT  and  sediment 
on  mvsid  survival.  The  conditions  tested  can  be  summarized  by  the  following 
hypotheses : 

H  1 :  Organotins  have  no  effect  on  mvsid  survival. 

H^2:  Sediment  has  no  effect  on  mysid  survival. 

H^l:  Organotins  and  sediment  do  not  interact  to  affect  mysid  survival. 

To  test  the  hypothesis  that  sediment  increases  the  survival  of  mysids 
exposed  to  organotin,  the  experimental  design  consisted  of  monitoring  the  sur¬ 
vival  of  mysids  exposed  to  TBT-contaminated  seawater  with  and  without  sediment 
present.  Five  replicate  tanks  were  prepared  for  each  test  condition  with 
20  mysids  per  replicate.  A  total  of  20  test  tanks  was  used,  ten  with  sediment 
and  10  without.  The  test  was  run  for  10  days  to  duplicate  conditions 
recommended  in  the  Implementation  Manual  (Environmental  Protection  Agency 
(EPA)/CE  1977)  for  the  solid-phase  portion  of  the  standard  dredged  material 
bioassay  and  in  the  bioassay  conducted  with  organotin-contaminated  sediment 
(Salazar  and  Salazar  1984) . 

TOXICANT 
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Figure  1.  Experimental  design 
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Hid  thr  solid  ph.isi-  portions  o!  the  standard  bioassav. 


Mvsids  were  eolleeted  on  1  March  085  just  outside  the  mouth  of  San  Diego 
Hav  within  a  3()()-m  radius  of  the  laboratory  seawater  intake.  They  were  col¬ 
lected  in  the  surface  kelp  canopy  with  buckets  and  returned  to  the  laboratory 
holding  system.  These  mvsids  were  maintained  in  flow-through  rearing  tanks. 
Released  juveniles  were  collected  and  maintained  separately  so  that  all  test 
animals  would  he  in  the  same  age  class.  Juveniles  used  in  this  test  were  sep¬ 
arated  from  adult  tanks  on  4  April  '98")  and  held  for  18  days  before  the  test 
began.  All  mvsids  were  fed  maintenance  levels  of  brine  shrimp  (25-30  nauplii/ 
mysid)  twice  per  day. 

Test  Sediment 

Sediment  was  collected  v Ith  a  stainless  steel  Van  Veen  grab  from  a  site 
on  the  west  end  of  North  Island,  San  Diego  Bay  (Figure  2).  The  North  Island 
site  was  selected  for  sediment  collection  because  grain-size  composition  and 
contaminant  levels  have  been  well  documented.  The  sediment  has  been  demon¬ 
strated  to  be  reasonably  "uncontaminated"  during  previous  bioassays.  A 
physical/chemical  description  of  the  sediment  used  in  this  test  is  given  in 
Table  1.  It  is  classified  as  very  fine  sand  (Wentworth  1922). 

Sediment  from  the  grab  was  stored  in  60-H  ice  chests  lined  with  plastic 
bags.  Ice  chests  were  used  for  ease  in  handling  sediment  and  to  maintain  the 
temperature  of  sediment  between  collection  and  storage.  The  sediment  was 
stored  for  72  hr  at  4°  C.  Approximately  50  l  of  sediment  was  collected.  The 
sediment  was  sieved  through  a  l . 0-mm  stainless  steel  screen  to  remove  endemic 
organisms  and  achieve  homogeneity.  After  sieving,  1  £  of  sediment  was  dis¬ 
tributed  to  each  of  the  10  sediment  tanks  (five  controls  and  five  treatments). 
This  1  i  of  sediment  produced  a  20-mm  layer  on  the  bottom  of  each  "substrate" 
test  tank.  Seawater  was  allowed  to  flow  through  all  20  test  tanks  (10  with 
sediment  and  10  without  sediment)  for  21  days  before  starting  the  test.  Sea¬ 
water  to  half  of  these  tanks  contained  the  TBT  leachates. 
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Figure  2 . 


Site  ma  p 


Seawater 

Nearshore  seawate’"  available  at  the  NOSC  Marine  Life  Sciences  Labor  a  t  <<rv 
was  used  for  this  toxicitv  test.  The  senw;iter  intake  !or  this  system  was  ap¬ 
proximately  250  m  from  shore  (Figure  2).  This  natural  seawater  was  passed 
through  large  sand  filters  prior  to  laboratory  use. 

In  the  laboratory  physical  and  chemical  parameters  of  incoming  seawater 
were  measured  during  the  test  with  the  Seawater  Quality  Monitoring  System 
(SQMS)  developed  by  NOSC.  This  system  consists  of  several  commercially  avail¬ 
able  sensors  arranged  in  an  in-line  manifold  system.  Output  is  recorded  with 
a  data  acquisition  system  linked  to  a  microcomputer .  Parameters  monitored 
daily  included  pH,  temperature,  and  salinity.  Dissolved  oxvgen  was  measured 
with  a  hand-held  meter.  Seawater  temperature  was  measured  at  14.1  to  15.3°  C, 
salinity  at  32  to  33  ppt,  dissolved  oxygen  at  6.5  to  7.9  ppm,  and  pH  at  7.8  to 
8.0.  The  light  regime  consisted  of  a  14L:10D  cycle  as  recommended  in  the 
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I'i -VS  ICAL. 'CHEMICAL  DESCRIPTION  OF  "CONTROL  SEDIMENT" 
:-:'D  IN  THE  MVS  I D/ORGANOT  IN  LEACHATE  EXPERIMENT 


Sediment  Composition  Information 

:  i : n  Percent  Composition _ 

_ Sand _ Silt _ Clay _ Classif  icat  ion 

80.1  11.7  8.2  Very  fine  sand 

Contaminant  Information,  ppm 
Chromium  Copper  Mercury 

0.13 

Pest ic ides 

0.100  0.006  0 . Of  i  i 


15.0  18.0 

PHF  PCB 


Organotins,  ppb 

Tributyltin:  8.0 
Dibutyltin:  3.0 
Monobutyltin :  5.0 


Implementation  Manual  (EPA/CE  1977).  Irradiance  was  measured  with  a  photo- 
ter  and  ranged  between  100  and  200  pw/cm2  for  the  Aoanthonysi r  .'•o':*  :  t  .■  >  r 
tanks . 

lest  Conditions 


Mysids  were  held  in  polycarbonate  tanks.  Our  research  or  ■. 

metals  and  organometall ic  contaminants  has  shown  that  polycarhonat * 
quality  glass  are  similar  in  their  nonabsorpt ive  properties  (Dele 
1983).  Ease  in  drilling  for  flow-through  fittings,  durability  .  o  • 
polycarbonate  tanks  preferable  for  toxicity  tests.  The  flow  rat.  ••• 
tank  was  approximately  170  ml/min.  This  corresponds  to  r  i,’;  ! 
changes  per  hour  (assuming  complete  exchange). 

Mysids  were  fed  brine  shrimp  nouplii  (25  to  '■<'  nr:;-': 
day  and  aerated  at  a  rate  of  3  to  7  ml/min.  Dead  an. 
and  removed.  With  20  animals  per  4->  tank,  live  r  •  ...  • 

count.  We  counted  dead  animals  because  the  whit*- 
on  the  dark  sediment.  I'sually  mvsid  hodie*-  • .  . 

1  to  3  days  after  death.  Rv  counting  fresh  >• 
live  individuals  could  be  made.  Bv  court 
live  animals  on  day  10,  we  were  able  to  ■ 

counting  method.  We  could  account  '  r  ■  ■  • 

experiment,  HR. 8  percent. 
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Toxicant 


The  TBT  toxicant  was  introduced  as  a  leachate  from  AF  paint  on  Plexiglas 
panels-  Panels  (15  by  15  cm)  were  coated  with  SPC-956  (International  Paint, 
Inc.).  This  paint  contains  9.4  percent  TBT  methacrylate,  0.5  percent  bis(TBT) 
oxide,  and  44.7  percent  cuprous  oxide  as  the  toxicants.  Two  coats  were 
applied  by  dipping  the  panels  into  the  paint  can,  allowing  them  to  dry  over¬ 
night,  and  dipping  them  again.  These  panels  were  installed  in  the  poly¬ 
carbonate  troughs  of  a  flow-through  seawater  delivery  system  previously 
developed  (Meador,  U'Ren,  and  Salazar  1984).  In  this  system  (Figure  3)  sea¬ 
water  is  forced  to  flow  over  a  series  of  panels  at  a  rate  of  6  Jl/min  before 
distribution  to  test  tanks.  The  concentration  of  TBT  in  seawater  delivered  to 
test  tanks  is  determined  by  the  flow  rate  of  incoming  seawater  and  the  number 
of  panels  in  the  mixing  trough. 

During  an  8-week  equilibration  and  stabilization  period  without  sediment 
in  test  tanks,  chemical  measurements  were  made  to  determine  the  TBT  concentra¬ 
tion  in  the  leachate.  By  altering  flow  rates  and  removing  panels,  the  approx¬ 
imate  desired  concentration  of  0.60  ppb  TBT  was  achieved.  Previous  measure¬ 
ments  of  leachates  from  this  coating  system  have  demonstrated  that  the  copper 
concentration  is  about  twice  the  TBT  concentration.  However,  due  to  differ¬ 
ences  in  effective  toxicity,  the  effects  of  copper  are  relatively  insignifi¬ 
cant.  This  concentration  was  selected  after  review  of  the  most  current  toxi¬ 
city  data.  In  a  previous  flow-through  experiment  without  sediment,  0.61  ppb 
TBT  produced  50  percent  mortality  in  4  days  with  1-  to  3-day-old  Acanthomy sis 


Figure  3.  Flow-through  bioassay  system 


saulpta  juveniles  (Valkirs,  Davidson,  and  Seligman  1985).  TBT  concentrations 
were  measured  by  hydride  derivatization  atomic  absorption  spectrophotometry 
(HD-AAS)  (Valkirs  et  al.  1985b). 

Organotin  Measurements 

The  concentration  of  TBT  in  seawater  and  sediment  was  monitored  before 
and  during  the  assessment.  Four  sets  of  tanks  were  prepared  as  chemical 
blanks.  By  comparing  TBT  measurements  in  tanks  with  and  without  mysids,  we 
could  assess  the  effect  of  mysids  on  TBT  chemistry.  Each  set  consisted  of  two 
tanks,  one  tank  with  sediment  and  one  without  (total  of  eight  tanks).  No 
mysids  were  added  to  these  chemical  blanks.  Three  sets  were  used  to  monitor 
organotin  concentrations  in  the  seawater  during  the  test.  The  fourth  set  was 
used  as  a  chemical  blank  for  the  controls  to  monitor  potential  TBT  contamina¬ 
tion.  Seawater  from  the  TBT  chemical  blank  tanks  was  measured  prior  to  start¬ 
ing  the  test  to  confirm  the  concentration  of  TBT  in  the  leachate  solution.  A 
50-ml  aliquot  of  seawater  from  each  of  the  three  chemical  blank  tanks  was 
pooled  for  one  composite  sample.  In  addition  to  samples  from  the  chemical 
blanks,  seawater  to  be  used  for  chemical  analysis  was  collected  from  the  out¬ 
flow  ports  of  treatment  tanks  to  avoid  stressing  the  test  animals. 

Composite  seawater  samples  of  100  ml  each  were  collected  from  the  fol¬ 
lowing  sets  of  TBT  treatment  tanks  on  a  daily  basis:  mysids  with  sediment, 
mysids  without  sediment,  chemical  blanks  with  sediment,  and  chemical  blanks 
without  sediment.  Polycarbonate  bottles  were  used  for  the  samples.  After 
collection,  samples  were  frozen  until  chemical  analysis.  The  HD-AAS  was  used 
to  determine  the  TBT  concentration  in  both  sediment  and  seawater  samples.  All 
samples  were  not  analyzed  due  to  constraints  in  analytical  support. 

RESULTS 

The  sediment/organotin  toxicity  test  with  mysids  was  conducted  between 
March-May  1985.  Taily  mysid  survival  (from  daily  counts  of  dead  animals)  is 
presented  in  Table  2  by  replicate,  with  total  percent  survival  by  test  condi¬ 
tion.  Percent  survival  versus  time  for  each  of  the  four  test  conditions  is 
presented  in  Figure  4.  Inspection  of  the  data  shows  there  was  no  significant 
difference  in  survival  among  any  of  the  treatments  during  the  first  6  days  of 
the  test.  The  two-way  ANOVA  confirmed  no  statistically  significant  effect  in 
either  substrate  or  toxicant  treatments.  Sediment  did  not  become  a  statisti¬ 
cally  significant  factor  until  day  7  (Table  3).  The  effect  was  positive  in 
that  mysid  survival  was  greater  with  sediment  than  without  sediment.  Mysid 
survival  in  TBT-SO  tanks  began  a  significant  decline  2  days  before  a  signifi¬ 
cant  decline  in  TBT-SS  tanks.  By  day  8  there  were  two  statistically  signifi¬ 
cant  effects  on  mysid  survival,  sediment  and  TBT.  The  sediment  (substrate) 
effect  remained  positive,  but  the  TBT  (toxicant)  effect  was  deleterious.  Con¬ 
trol  survival  in  the  CSO  and  CSS  tanks  remained  constant  at  95  and  100  per¬ 
cent,  respectively,  from  day  7  to  day  10,  the  end  of  the  experiment.  Survival 
data  from  days  8,  9,  and  10  showed  significant  effects  due  to  sediment  and 
TBT.  The  sediment  (substrate)  effect  was  positive  while  the  TBT  (toxicant) 
effect  was  deleterious.  No  interaction  effect  was  shown. 


In  the  TBT-SO  tanks  mysid  survival  dropped  rapidly  from  95  percent  on 
day  6  to  90  percent  on  day  7,  83  percent  on  day  8,  64  percent  on  day  9,  and 
30  percent  on  day  10.  Survival  of  mysids  in  TBT-SS  tanks  remained  high  at 


TABLE  2.  SURVIVAL  OF  MYSIDS  EXPOSED  TO  ORGANOT IN-CONTAMINATED 
SEAWATER  WITH  AND  WITHOUT  SEDIMENT 
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96  percent  until  day  8  and  then  dropped  rapidly  to  83  percent  on  day  9  and 
46  percent  on  day  10.  The  difference  in  mysid  survival  between  toxicant  tanks 
was  statistically  significant  on  days  7,  8,  and  9.  Survival  of  mysids  exposed 
to  TBT  with  sediment  was  greater  than  survival  of  mysids  exposed  to  TBT  with¬ 
out  sediment.  The  difference  on  day  10  was  not  statistically  significant.  In 
addition  to  no  significant  interaction  effect  on  survival  between  sediment  and 
organotin,  there  was  no  statistically  significant  difference  in  survival  be¬ 
tween  controls  (CSO  and  CSS)  when  compared  with  a  Mann-Whitney  U  Test 
(Tables  3  and  4) . 


The  concentration  of  TBT  toxicant  in  the  mixing  trough  3  days  before  the 
test  began  was  measured  at  0.60  ppb  TBT.  During  the  test  TBT  concentrations 


TIME  (DAYS) 

Figure  4.  Mysid  survival 


TABLE  3.  RESULTS  OF  TWO-WAY  ANOVA  PERFORMED 
ON  THE  MYSID  SURVIVAL  DATA 


F"  Value 


4.5858 

8.5866 

21.5859 

57.0658 


Prob  >  F 


0.01683* 

0.00126* 

0.00001* 

0.00000* 


Probability  Level 


Toxicant 


0. 10410 
0.00558* 
0.00000* 
0.00000* 


Substrate 


0.00557* 

0.00240* 

0.00308* 

0.03779* 


Interaction 


0.47088 
0. 12916 
0.05918 
0.25287 


*  A  <  0.05  indicates  a  significant  effect. 


in  the  TBT-S0  tanks  with  mysids  varied  from  0.41  ppb  to  0.80  ppb  TBT  with  a 
mean  of  0.60  ppb  TBT.  TBT  concentrations  in  the  TBT-SS  tanks  varied  from 
0.54  ppb  to  0.78  ppb  with  a  mean  of  0.60  ppb  TBT.  The  means  were  the  same  for 
both  TBT  treatment  conditions.  The  TBT-SO  chemical  blanks  varied  from 
0.37  ppb  to  1.11  ppb  TBT  and  had  a  mean  of  0.78  ppb  TBT.  The  TBT-SS  chemical 
blanks  varied  from  0.47  to  0.80  ppb  TBT  and  had  a  mean  of  0.61  (Table  5). 


The  clean  sediment  used  in  this  test  had  TBT  levels  below  the  limits  of 
detection.  Further,  sediment  did  not  accumulate  detectable  quantities  of 
organotins  during  31  days  of  exposure  to  seawater  containing  an  average  TBT 
concentration  of  0.60  ppb.  There  were  no  measurable  increases  in  tri-,  di-, 
or  monobutyltin  in  test  sediments  since  organotins  were  below  the  limit  of 
detection  before  and  after  exposure  to  TBT  leachates  (Table  5). 


TABLE  4.  RESULTS  OF  MANN-WHITNEY  U  TEST* 


U-Critical 


U-Calculated 


reason  for  this  statistically  significant  effect  is  higher  survival  in  both 
sediment  treatments  (CSS  =  100  percent,  TBT-SS  =  98  percent)  than  in  the  sea¬ 
water  treatments  (CSO  =  95  percent,  TBT-SO  =  90  percent).  This  may  appear  to 
be  anomalous,  but  we  have  routinely  seen  higher  survival  of  mysids  in  dredged 
material  bioassays  in  the  presence  of  sediment  than  in  the  absence  of  sedi¬ 
ment.  This  positive  effect  attributed  to  sediment  continued  from  day  7  to 
day  10,  the  end  of  the  experiment. 

By  day  8  there  was  also  a  significant  effect  attributed  to  the  TBT  toxi¬ 
cant.  This  effect  was  deleterious.  Mysid  survival  dropped  from  90%  on  day  7 
to  83  percent  on  day  8.  This  deleterious  effect  attributed  to  the  TBT  toxi¬ 
cant  continued  from  day  8  to  day  10.  Mysid  survival  dropped  precipitously  in 
b'  _n  TBT-SO  and  TBT-SS  treatments  near  the  end  of  the  experiment.  These  data 
dL66est  that  juvenile  mysids  are  capable  of  withstanding  low-level  exposures 
to  TBT  for  periods  up  to  6  days.  The  actual  toxic  insult  was  present  during 
the  entire  6  days,  but  the  result  of  that  insult  was  not  expressed  as  death 
until  day  7.  This  trend  has  been  noted  in  previous  work  performed  with  TBT 
and  mussels  ( Mytilus  edulis )  (Smith  1979).  One  possible  explanation  is  a 
cumulative  effect  over  time  or  a  deterioration  of  the  animal's  defense  mecha¬ 
nisms.  A  6-day  experiment  with  the  same  design  and  TBT  concentrations  fol¬ 
lowed  by  a  recovery  period  without  TBT  would  clarify  the  6-day  effects  of 
0.60  ppb  TBT  in  Acanthomysis  sculpta.  Pickwell  and  Steinert  (1984)  have 
described  a  quantifiable  sublethal  stress  measurement  for  mussels  exposed  to 
copper.  A  similar  system  would  prove  useful  with  mysids  or  other  sensitive 
test  animals.  Until  those  techniques  are  available,  death  is  the  most 
reasonable  measurement. 

Daily  inspection  of  the  control  and  treatment  tanks  revealed  that  mysids 
exposed  to  TBT  leachates  were  generally  less  active  than  control  animals. 
Treatment  mysids  did  not  respond  as  quickly  to  stimuli  such  as  changes  in 
light  intensity  or  the  presence  of  moving  objects  in  test  tanks,  i.e., 
pipettes  to  remove  dead  animals.  In  many  instances  the  mysids  from  treatment 
tanks  were  not  actively  swimming  but  rather  "resting"  or  debilitating  on  the 
bottom.  Similar  responses  with  copepods  have  been  described  by  U'Ren  (1983). 
Throughout  the  test  the  control  animals  were  very  active  and  demonstrated 
behavior  patterns  similar  to  freshly  collected  mysids  held  under  standard 
laboratory  conditions. 

During  the  experiment  mysid  survival  was  higher  in  the  presence  of 
sediment.  However,  at  the  end  of  the  experiment  when  mysids  remained  on  the 
bottom  for  extended  periods,  the  presence  of  sediment  may  have  become  a  dele¬ 
terious  factor.  We  believe  the  animals  were  smothered  by  sediment  if  they 
remained  on  the  bottom  in  a  weakened  condition.  The  ANOVA  could  not  extract 
this  effect  on  day  10  due  to  the  magnitude  of  the  positive  effect  in  both  the 
CSS  tanks  (100%  survival)  and  the  TBT-SS  tanks.  The  Mann-Whitney  U  Test 
showed  that  mysid  survival  in  TBT-SS  tanks  was  significantly  greater  than  in 
TBT-SO  tanks  on  days  7,  8,  and  9.  There  was  no  statistical ly  significant 
difference  in  mysid  survival  between  those  tanks  on  day  10.  There  was  no 
statistically  significant  difference  in  mysid  survival  between  CSO  and  CSS 
tanks  at  any  time.  Chemically,  the  positive  effects  of  sediment  in  the  TBT-SS 
tanks  were  still  present,  but  they  were  probably  tempered  by  the  physical 
effects  >f  smothering.  This  was  not  the  case  in  the  TBT-SO  tanks  where  mysids 
could  remain  on  the  bottom  without  being  covered  with  sediment. 


The  question  of  environmental  significance  in  every  toxicity  test  is  an 
important  one.  Since  we  have  shown  that  mysids  exposed  to  organotins  exhibit 
higher  survival  in  the  presence  of  sediment  than  the  absence  of  sediment,  it 
can  be  assumed  that  in  other  toxicity  tests  with  mysids,  similar  results  would 
occur  if  each  experiment  had  a  paired  design  such  as  this  one.  The  next  ques¬ 
tion  is  which  experimental  design  best  represents  conditions  in  the  marine 

environment.  We  suggest  that  toxicity  tests  with  sediment  are  more  realistic 

than  toxicity  tests  without.  Sediment  may  reduce  toxicity  and  bioavailability 

through  physical  and  chemical  processes  related  to  sediment  particles  and  nat¬ 
urally  occurring  organics.  There  may  also  be  some  chemical  in  the  sediment 
that  increases  mysid  survival.  Our  experiment  may  underestimate  toxicity 
since  the  volume  of  sediment  was  a  significant  portion  of  the  total  volume  in 
the  tank.  However,  standard  toxicity  tests  in  sterile  glass  aquaria  with  few 
organics,  particles,  or  sediment  probably  overestimate  toxicity.  This  raises 
doubts  about  much  of  the  TBT  toxicity  data  that  exist  in  the  literature.  The 
expected  toxicity  of  organotin-contaminated  sediment  from  a  previous  experi¬ 
ment  (Salazar  and  Salazar  1984)  was  not  realized  because  it  was  probably  af¬ 
fected  by  some  of  these  physical/chemical  processes. 

Waldock  and  Thain  (1983)  have  shown  that  sediment  affected  oyster 
( Crassostrea  gigas)  growth  rates.  Compared  with  the  control  without  sediment, 
oyster  growth  rates  were  higher  in  the  tanks  with  sediment.  When  exposed  to 
TBT  concentrations  between  0.15  ppb  and  1.6  ppb,  growth  rates  were  higher  in 
tanks  with  sediment  and  TBT  than  in  tanks  with  TBT  only.  The  only  mortalities 
occurred  in  tanks  with  TBT. 

Another  problem  in  assessing  potential  environmental  impact  is  interpret¬ 
ing  the  relationship  between  toxicity  data  reported  from  the  laboratory  and 
field  measurements  from  contaminated  areas.  The  problem  with  the  TBT  toxicity 
literature  has  just  been  discussed.  The  problem  with  field  measurements  is 
that  they  are  usually  discrete  samples  taken  at  one  point  in  time  and  space 
and  may  be  quite  variable.  Zirino,  Lieberman,  and  Clavell  (1978)  have  shown 
that  the  concentration  of  certain  heavy  metals  can  vary  by  a  factor  of  three 
or  more  with  tidal  cycle.  They  have  explained  that  within  San  Diego  Bay  the 
incoming  tide  transports  a  large  volume  of  clean,  uncontaminated  ocean  water 
into  the  bay.  The  outgoing  tide  carries  a  large  volume  of  water  that  has  been 
contaminated  from  sources  within  the  bay.  Recent  measurements  by  our  labora¬ 
tory  at  one  particular  location  within  San  Diego  Bay  have  shown  that  varia¬ 
tions  in  TBT  concentration  approach  an  order  of  magnitude  during  the  tidal 
cycle.  These  measurements  raise  even  more  questions  regarding  field  measure¬ 
ments  previously  reported  for  San  Diego  Bay  (Valkirs  et  al.  1985a)  and  their 
significance  as  related  to  toxicity  values  previously  reported.  Further,  the 
variability  in  TBT  concentration  in  our  test  system  precludes  a  precise  LC-50 
determination,  which  enhances  the  problem.  Attempting  to  extrapolate  environ¬ 
mentally  significant  numbers  for  regulatory  purposes  by  using  these  data  is 
not  reasonable. 

The  bioavailability  of  contaminants  and  their  actual  toxicity  in  seawater 
are  highly  variable.  Although  a  minimum  concentration  of  certain  trace  metals 
is  important  for  phytoplankton  growth  (Guillard  and  Ryther  1962),  the  form  or 
chemical  state  of  those  metals  determines  whether  or  not  they  are  usable  by 
organisms  (Johnston  1964).  Studies  on  some  species  of  phytoplankton  show  that 
growth  inhibition  and  copper  uptake  are  related  to  cupric  ion  activity  and  not 
to  total  copper  concentration  (Sunda  and  Guillard  1976).  Along  with  others, 


we  have  shown  that  toxicity  is  also  related  to  the  state  of  the  cupric  ion 
tested  (Smith  1979).  In  experiments  with  mysids  and  brine  shrimp  nauplii, 

TBT  was  far  more  toxic  than  its  degradation  products,  dibutyltin  and  mono- 
butyltin  (Seligman  1984).  The  addition  of  sediment  to  test  tanks  reduces  the 
toxicity  of  copper  to  Neanthes  avenaceodentata  (Pesch  and  Morgan  1978)  while 
the  type  of  sediment  influences  copper  toxicity  and  copper  bioaccumula¬ 
tion  (Pesch  1979) . 

It  has  been  shown  that  organic  chelators  are  often  the  most  crucial 
factor  in  bioavailability  of  nutrients  for  phytoplankton  growth  in  seawater 
(Johnston  1964,  Barber  and  Ryther  1969).  It  has  also  been  suggested  that,  ex¬ 
cept  for  copper  and  iron,  complexing  agents  have  a  relatively  minor  effect  on 
initial  complexation  in  seawater  and  that  organic  compounds  adsorbed  on  the 
surface  of  sediment  particles  control  the  adsorption  of  metals  (Morel  and 
Morel-Laurens  1981).  Although  the  actual  chemical  mechanism  is  unclear,  some 
organics  found  in  natural  sediments  can  reduce  toxicity  and  bioavailability. 
The  results  of  our  previous  experiment  (Salazar  and  Salazar  1984)  suggest  that 
something  in  the  TBT-contaminated  sediment  had  the  capacity  to  reduce  toxicity 
and  bioavailability  of  TBT  in  that  sediment. 

The  present  study  suggests  that  something  in  the  sediment  may  have  re¬ 
duced  the  toxicity  and  bioavailability  of  the  TBT  leachates.  Another  alter¬ 
native  may  be  that  the  sediment  itself  adsorbed  a  significant  amount  of  TBT. 
However,  TBT  adsorption  was  not  measurable.  Measurements  of  TBT  from  sediment 
in  TBT-SS  tanks  was  below  8.0  ppb  before,  during,  and  after  the  experiment, 
and  not  significantly  different  from  the  CSS  tanks. 

In  addition  to  naturally  occurring  organic  chelators  in  sediments  that 
reduce  toxicity  and  bioavailability,  animals  also  have  the  ability  to  seques¬ 
ter  and  detoxify  contaminants.  There  are  several  possible  methods  of  detoxi¬ 
fication.  Accumulated  organotins  may  be  modified  by  the  animals  to  become 
biologically  unavailable,  or  they  may  combine  with  lipids  to  reduce  toxicity. 
Organotins  may  bind  to  metallothioneins  (Roesijadi  1981)  or  be  sequestered 
within  cellular  organelles  (George  et  al.  1978).  In  each  case,  there  is  a 
reduced  opportunity  for  toxic  expression. 

Thus,  when  estimating  the  potential  toxicity  of  organotin  AF  leachates 
from  Navy  hulls  to  marine  organisms,  more  effort  should  be  directed  toward 
duplicating  natural  conditions.  This  will  prevent  overestimating  toxicity 
values  and  reduce  the  significance  of  questionable  values  currently  appearing 
in  the  literature.  For  our  purposes,  however,  the  survival  of  mysids  exposed 
to  TBT  leachates  was  higher  in  the  presence  of  sediment  than  the  absence  of 
sediment.  Questions  could  be  raised  about  the  variability  of  TBT  concentra¬ 
tions  during  the  10  days  of  exposure.  The  flow-through  leachate  system 
described  here  is  not  perfect,  but  the  alternative  is  less  desirable.  TBT 
solutions  are  very  unstable,  time-consuming  to  prepare,  and  present  a  storage 
problem  for  experiments  of  any  length.  To  clearly  define  an  LC-50  for 
Acanthomysis  sculpta,  a  flow-through  leachate  system  as  used  here  is  not  the 
most  appropriate  technique.  As  in  LC-50  tests  we  conducted  with 
Metanysidopsis  elongata  (Smith  1979)  and  those  conducted  with  A.  tonsa  (U'Ren 
1983),  a  more  appropriate  technique  would  be  a  static  renewal  test  using 
leachates.  In  the  present  study  using  18-day-old  juveniles,  the  10-day  LC-50 
for  Acanthomysis  sculpta  exposed  to  TBT  leachates  in  the  presence  of  sediment 
was  approximately  0.60  ppb  TBT.  Only  one  concentration  was  used  in  this 


\ 

< 


I 


experiment,  and  thus  it  is  impossible  to  predict  precisely  the  comparable 
10-dav  LC-50  for  mysids  exposed  to  TBT  leachates.  A  30  percent  survival  at  a 
nominal  0.60  ppb  TBT  was  observed  after  10  days.  The  concentration  necessary 
to  produce  50  percent  survival  under  these  conditions  is  higher  than  for 
mysids  exposed  to  leachates  and  sediment  simultaneously. 

An  additional  problem  is  that  new  contaminants  like  organotins  are  not 
well  characterized.  As  they  are  studied  further,  new  insight  should  be  gained 
into  their  toxicity*  means  of  improving  the  required  ecological  evaluation  of 
dredged  material  and  standard  toxicity  tests.  The  Navy  research  programs  to 
expedite  dredging  and  study  the  fate  and  effects  of  organotins  in  the  marine 
environment  will  help  guide  the  assessment  of  the  potential  for  environmental 
impact.  However,  as  the  use  of  organotins  increases,  so  will  the  need  for 
additional  work  to  understand  fully  the  chemistry  and  bioavailability  of 
organotins  and  to  predict  their  effect  on  the  marine  environment. 
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CONCLUSIONS 

The  results  of  this  toxicity  test  demonstrate  that  sediment  affects  the 
survival  of  mysids  exposed  to  organotins.  Juvenile  Accmthomysis  scuLpta 
exhibited  higher  survival  in  the  presence  of  sediment  than  in  the  absence  of 
sediment.  The  variability  in  TBT  concentrations  during  the  course  of  the 
experiment  precludes  an  accurate  LC-50  prediction  and  raises  doubts  about 
LC-50  values  reported  by  others  using  similar  systems.  Further,  the  absence 
of  sediment  in  some  of  these  other  experiments  probably  indicates  an  over¬ 
estimation  of  organotin  toxicity.  The  environmental  significance  of  all 
available  data  with  regard  to  fleetwide  implementation  of  organotin  AF  coat¬ 
ings  is  not  clear.  Additional  work  is  required  to  understand  fully  the 
chemistry  and  bioavailability  of  organotins  and  to  predict  their  effect  on  the 
marine  environment.  The  Navy  and  regulatory  agencies  like  CE/EPA  should  work 
closely  together  to  establish  realistic  criteria  for  fleetwide  implementation 
and  dredging.  The  approach  in  testing  organotin  toxicity  should  be  reevalu¬ 
ated  in  terms  of  environmental  significance  using  protocols  that  address  TBT 
variability  in  test  tanks,  the  significance  of  field  measurements,  and  the 
effects  of  sediment  on  survival. 
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ABSTRACT 

The  46-acre  Times  Beach  Confined  Disposal  Facil¬ 
ity  (CDF)  Buffalo,  New  York,  was  half  filled  with  pol¬ 
luted  dredged  material  between  1972  and  1976.  Filling 
was  stopped  at  the  request  of  environmental  groups  be¬ 
cause  of  the  large  numbers  of  migratory  waterfowl  and 
birds  which  occupied  the  area.  In  the  intervening 
years,  open  water,  wetland,  and  wooded  upland  zones 
have  evolved  with  associated  wildlife  and  vegetation. 
An  objective  of  the  biological  and  chemical  studies  in 
progress  at  Times  Beach  is  to  determine  the  extent  to 
which  contaminants  in  the  dredged  material  are  bio¬ 
accumulating  in  plants  and  animal  food  chains  in  the 
three  environments  of  the  Times  Beach  CDF.  A  further 
long-term  objective  is  to  determine  if  bioaccumulation 
or  biomagnification  produces  deleterious  effects  on 
food  chains  including  chronic  toxicity,  suppressed  re¬ 
production,  carcinogenicity,  and  disruption  of  com¬ 
munity  structure. 

Up  the  the  present  time,  wetland  and  aquatic 
plant  communities,  earthworms,  fish,  insects,  and 
toads  have  been  sampled  from  the  disposal  area  and 
analyzed  for  heavy  metals,  polychlorinated  biphenyls 
(PCBs) ,  and  polyaromatic  hydrocarbons  (PAHs) .  Results 
of  these  samplings  and  analyses  are  reported  in  this 
paper.  The  data  showed  less  accumulation  of  metals  in 
plant  seeds  than  in  leaves  or  rhizomes.  Cattail  rhi¬ 
zomes  were  high  accumulators  of  heavy  metals,  espe¬ 
cially  cadmium  and  arsenic.  Aquatic  plants  accumu¬ 
lated  greater  concentrations  of  metals  than  wetland 
plants.  Very  low  concentrations  of  organic  contami¬ 
nants  were  found  in  plant  samples. 

Accumulation  of  metals  in  earthworms  at  Times 
Beach  was  much  higher  than  accumulation  in  earthworms 
front  a  natural  reference  area.  Cadmium  levels  in 
earthworms  were  elevated.  In  general,  metal  levels  in 
insects  and  toads  from  dredged  material  and  a 


contiguous  background  location  were  comparable.  Cad¬ 
mium  appeared  to  be  higher  in  insects  from  the  dredged 
material . 

Concentrations  of  heavy  metals  in  fish  indicated 
that  mercury  was  more  elevated  in  fish  from  the  Times 
Beach  site  compared  with  a  reference  site  at  the  mouth 
of  the  Buffalo  River.  PCBs  and  PAHs  were  also  more 
elevated  in  fish  from  the  Times  Beach  CDF. 

Mammal,  fish,  and  bird  po; ulations  have  been  in¬ 
ventoried  at  the  Times  Beach  CDF.  Future  study  will 
be  directed  at  sampling  and  analyzing  key  higher  food 
chain  species  at  the  Times  Beach  for  contaminant  bio¬ 
accumulation  and  effects. 


INTRODUCTION 

The  Times  Beach  disposal  area  is  a  46-acre  confined  dredged  material  dis 
posal  area  near  the  confluence  of  Lake  Erie  and  the  Buffalo  River.  The  site 
received  approximately  550,000  cu  yd  of  polluted  dredged  material  from  the 
Buffalo  River  and  Buffalo  Harbor  from  1972  to  1976.  While  being  filled,  the 
area  became  intensively  used  by  migratory  waterfowl,  songbirds,  and  other 
wildlife.  'ver  200  species  of  birds  and  ducks  have  been  observed  at  the  Time 
Beach  site  (Andrle  1985).  At  the  request  of  local  environmental  groups,  fill 
ing  was  stopped  in  1976  because  of  the  large  numbers  and  varieties  of  birds 
using  the  site.  The  completely  enclosed  area  now  contains  about  50  percent 
shallow  open  water  (1  to  7  ft  deep),  25  percent  marsh,  and  25  percent  scrub 
trees.  Figure  1  is  an  aerial  photograph  of  the  site. 

The  marsh  wetland  is  vegetated  primarily  with  cattails,  smaller  areas  of 
phragmites,  rice  cutgrass,  purple  loosestrife,  and  minor  inclusions  of  sedges 
and  rushes.  The  more  elevated  upland  portion  of  the  disposal  area  contains 
primarily  cottonwood  trees  generally  in  the  2-  to  10-in. -diam  range.  Under¬ 
story  consists  primarily  of  dogwood,  goldenrod,  willow,  and  impatiens. 

A  1985  animal  survey  (Andrle  1985)  showed  muskrat  to  be  common  in  the 
marsh  area,  while  cottontail  rabbits  frequented  the  wooded  area.  This  survey 
inventoried  26  species  of  resident  and  breeding  species  of  birds  at  the  site. 

Although  the  area  is  observed  to  foster  lush  vegetative  growth  and  abun¬ 
dant  wildlife,  there  is  concern  that  contaminants  from  the  sediment  may  accu¬ 
mulate  and  bioconcentrate  in  plant  and  animal  food  chains.  Consequently,  a 
long-term  program  has  been  initiated  to  study  bioaccumulation  by  aquatic  and 
terrestrial  plants  and  animals,  and  possible  effects  on  organisms  including 
growth,  reproduction,  vitality,  and  carcinogenicity.  This  paper  describes 
initial  work  on  chemical  characterization  of  sediment  and  bioaccumulation  by 
plants,  earthworms,  fish,  insects,  and  toads. 
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Figure  1.  Aerial  photograph  of  Times  Beach 
disposal  area 


Although  much  work  has  been  done  on  bioaccumulation  by  the  above  organ¬ 
isms  in  controlled  experiments  in  the  laboratory  and  at  the  Times  Beach  site 
(Marquenie,  Simmers,  and  Kay  lc18r>),  this  paper  will  be  concerned  with  bio¬ 
accumulation  by  natural  plant  and  animal  communities. 

STI'DY  MKTHOlHIl.OhV 

Vege t a t ion  Assoc iat ions 

Vegetation  specialists  examined  the  Times  Beach  disposal  site  and  iden¬ 
tified  and  mapped  five  major  vegetation  associations  as  shown  in  Figure  2. 
Area  1  is  open  water  varying  1 rom  1  to  7  i t  in  depth  with  a  mean  depth  of  1.5 
to  .  0  ft.  This  .area  exhibits  prolific  algal  growth  and  an  abundance  ot  at¬ 
tached  and  floating  aquatic  plants  including  potamogeton  (pondwoed)  and 
r  ! . idea  . 

Area  is  characterized  almost  entirely  hv  broad  and  narrow  lea!  cattail 
(tvph.iJ,  while  are.)  1  has  nixed  cattail  and  phragnites.  Area  *  has  manv 
sedges,  and  the  area  r>  woodland  is  dominated  l>v  rottenwond  ( populus)  .  Area  A 
is  dominate)!  hv  phragnites.  Rice  cut  grass  and  purple  loosest  rite  are  also 
abundant  in  area  V . 
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Reference  Sites 


Position  of  pitfall  traps  placed  in  the  upland  area 
of  the  Times  Beach  confined  disposal  site 


It  was  considered  useful  to  compare  bioaccumulation  in  some  organisms 
present  at  Times  Beach  with  uptake  by  these  organisms  from  other  areas  in  the 
vicinity  of  Buffalo.  Reference  samples  of  fish  were  obtained  from  the  Buffalo 
River  at  the  point  where  it  flows  into  Lake  Erie,  just  north  of  the  disposal 
site.  Reference  samples  of  earthworms  were  obtained  from  Grand  Island  located 
in  the  Niagara  River  about  12  miles  north  of  Buffalo.  The  soils  of  this  area 
were  undisturbed  but  probably  had  received  atmospheric  fallout  of  pollutants 
from  the  Niagara  Falls/Buffalo  industrial  complex. 


RESULTS  AND  DISCUSSION 


Soils 


As  discussed  previously,  sandier  sediments  were  deposited  on  the  surface 
nearer  to  the  pipeline  and  finer  silts  and  clays  carried  out  further. 
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Figure  4  illustrates  sediment  profiles  advancing  from  the  pipeline  in  the 
woodland  through  the  wetland  and  into  the  open  water.  In  the  intervening 
9  years  since  disposal  ceased,  there  has  been  considerable  drying  and  oxi¬ 
dation  in  the  sands  of  the  wooded  area,  whereas  the  silts  of  the  wetland  and 
open  water  bottom  remain  saturated  and  chemically  reduced.  These  physical  and 
chemical  differences  are  believed  to  be  of  considerable  significance  to  the 
chemical  transformation  and  bioavailability  of  inorganic  and  organic  pollut¬ 
ants  present  in  the  sediment.  Sampling  transects  were  arranged  to  examine  the 
physical,  chemical,  and  biological  differences  proceeding  from  the  discharge 
pipe  point  of  entry  to  the  open  water  of  the  disposal  area. 

The  brown  sandy  surface  sediment,  especially  in  the  woodland,  has  a 
"natural"  soil  appearance  and  odor  with  no  visual  or  olfactory  suggestion  of 
contaminants.  This  layer  dries  out  in  summer  months  and  is  oxidized  with  the 
appearance  of  reddish  iron-oxide  colors.  The  underlying  black  to  grey  silty 
sediment  has  a  semiliquid  consistency  and  a  strong  oily  odor.  This  chemically 
reduced  material  appears  to  be  practically  unchanged  from  the  time  of  deposi¬ 
tion,  and  the  depth  to  this  material  appears  to  coincide  with  the  permanent 
water  table. 

In  June  1981,  16  surface  samples  of  sediment  were  analyzed  from  the  wet¬ 
land  and  woodland.  Metal  and  organic  pollutants  found  are  given  in  Table  1. 
Additional  sediment  analyses  are  given  with  plant  uptake  data.  Major  organic 
pollutants  include  PAHs  and  aniline  compounds.  The  major  source  of  PAHs  is 
believed  to  be  coking  facilities  from  steel  plants  in  the  Buffalo  Harbor  and 
Buffalo  River.  Aniline  compounds  originate  from  a  dye  plant  on  the  Buffalo 
River. 


Vegetation 


Four  different  plant  species  from  the  wetland  area  were  identified  as 
important  food  sources  for  local  birds  and  ducks.  Samples  of  these  species 
were  collected  along  with  soil  around  their  roots.  Species  collected  included 
two  rushes  ( Carex  stipata  and  Scirpus  atrovirens) ,  cattail  ( Typha  latifolia), 
and  Phragmites  austrailis .  In  addition,  whole  plant  samples  of  pondweed 
( Potamogeton )  and  elodea  were  collected  from  the  open  water.  Seeds,  leaves, 
and,  in  the  case  of  cattail,  rhizomes  were  analyzed  individually.  Results  of 
the  plant  analyses  are  given  in  Table  2. 


The  data  show  that,  for  all  species  analyzed,  accumulation  of  metals  in 
seeds  is  less  than  in  leaves  or  rhizome.  Seeds  and  leaves  of  the  wetland 
plants  (cattail,  phragmites,  rush)  do  not  appear  to  accumulate  toxic  heavy 
metals  to  any  extent.  Aquatic  plants  (elodea,  potamogeton)  accumulated  heavy 
metals  to  a  much  greater  extent  than  the  wetland  plants. 


Cattail  rhizomes  are  seen  to  be  high  accumulators  of  heavy  metals  and  may 
biomagnify  cadmium  and  arsenic.  Since  rhizomes  constitute  an  important  food 
for  muskrats,  which  are  common  at  the  site,  future  work  will  be  directed  at 
obtaining  and  analyzing  muskrats  for  transfer  of  metals  through  the  food 
chain.  Roots  of  the  wetland  plants  have  also  been  collected  for  analysis 
since  the  rhizome  data  indicate  that  roots  of  other  plants  may  have  higher 
metal  levels  than  leaves  or  seeds. 


Pollutant 


Range 


Metal 

Zinc 

1031-1845 

Cadmium 

10.9-13.3 

Copper 

238-269 

Arsenic 

2.6-58.9 

Mercury 

2. 9-9.4 

Nickel 

49-63 

Chromium 

302-393 

Lead 

156-1037 

Organic 

Bis (2-ethylhexyl)  phthalate 

1.5-5. 5 

PCB(Aroclor  1242) 

0.42-1.0 

PCB(Aroclor  1254) 

0.62-2.5 

Aniline 

1. 7-2.8 

1 -amino-nap thalene 

1.7-4. 1 

N-benzyl-N-e thy 1-aniline 

2. 4-7.0 

4-(dimethyl-amino)  benzo  phenone 

<0.  1 

4,4-methylene  bis  (N,  N-dimethyl-aniline) 

0.54-1.4 

N,N,N' .N'-tetramethyl  benzidine 

<0.  1 

p , p 1 -benzyl idene  bis  (N,  N-dimethyl-aniline) 

2.6-4. 7 

benzo- (a) -pyrene 

20-96 

Chlordane 

<0.2 

Toxaphene 

<0.2 

Dimethyl  phthalate 

<0.2 

Diethyl  phthalate 

<0.2 

Dibutyl  phthalate 

<0.2 

Benzyl  butyl  phthalate 

<0.2 

Lindane 

<0.  1 

Heptaclor 

<0.  1 

Aldrin 

<0.  1 

p,p '-DDE 

<0.  1 

Dieldrin 

<0.  1 

Endrin 

<0.  1 

p  ,  p ' -DDD 

<0.  1 

p  ,p ' -DDT 

<0.  1 

Methoxyclor 

<0.  1 

Mirex 

<0.  1 

Phenol 

<1.7 
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TABLE  2.  METALS  CONCENTRATION,  VEGETATIVE 
ANALYSES  FOR  TIMES  BEACH 


Sample 


As _ 

S-l  S-2 


_ Metal,  ur/r  dry  weight _ 

_ Cd _  _ Cr _  Cu _ 

S-l  S-2  S-l  S-2  S-l  S-2 

C.  stipata  (Rush) 


S-l  S-2 


Seed 

0.  17 

0.  18 

0.22 

0.12 

0.57 

0.  16 

7.5 

8.8 

0.029 

0.031 

Leaf 

0.22 

0.27 

0.97 

0.24 

0.92 

0.81 

1 1 

6 

0.028 

0.036 

Sediment 

74 

48 

4 

4 

177 

129 

228 

232 

4.71 

3.83 

T.  latifolia  (Cattail) 


Seed 

0.07 

0.05 

ND 

0.48 

0.03 

ND 

16 

13 

0.003 

0.009 

Leaf 

0.15 

0.  14 

2.76 

1.44 

0.26 

0.21 

4.9 

3.7 

0.021 

0.023 

Rhizome 

59 

39 

6.85 

5.88 

29 

70 

49 

96 

0.294 

1.19 

Sediment 

117 

39 

8.89 

2.27 

268 

106 

350 

149 

9.16 

2.41 

P.  australis  (Phraemites) 


1  Leaf 

0.  15 

0. 

,39 

0. 

,06 

0.11 

0.4 

2.3 

15 

15 

0.024 

0. 

052 

i  Sediment 

81 

62 

1.3 

4.8 

206 

287 

249 

215 

4.27 

5. 

88 

» 

Sj_ 

atvovi 

rens 

(Rush) 

i  Seed 

0.05 

0. 

.11 

0, 

.03 

0.07 

0.12 

0.13 

1  1 

10 

0.02 

0. 

02 

,  Leaf 

0.  17 

0. 

,17 

0, 

.41 

0.13 

0.5 

0.9 

8.5 

8.9 

0.05 

0. 

04 

,  Sediment 

t 

28 

26 

1 , 

.03 

0.  76 

73 

100 

94 

77 

1.21 

2. 

18 

| 

Aquatic  Plants 

As 

Cd 

Cr 

Cu 

J!s_ 

\ 

j  Pota- 

1  2 

1  .  7 

1  1 

1  1 

0. 

19 

1  moeeton 

! 

1 

•  Flodea 

6 

2.3 

6.3 

26 

0. 

13 

EARTHWORMS 


Native  worms  were  collected  from  the  wooded  area  of  the  Times  Beach  site 
and  from  the  reference  area  on  Grand  Island.  Very  few  earthworms  were  found 
in  the  wetland  portion  of  Times  Beach,  probably  because  of  the  high  water 
table  and  periodic  inundation.  The  only  worm  species  collected  at  the  Times 
Beach  site  was  Lumbrious  rubellus ,  a  species  which  confines  itself  to  the  top 
layer,  rich  in  humus.  Two  composite  samples  consisting  of  85  and  57  worms 
each  were  collected  and  analyzed.  Two  composite  samples  each  of  three  worm 
species  ( Lumbrious  rubellus ,  Octalasium  lacteum y  and  Allobophora  chlorotica) 
were  collected  and  analyzed  from  the  reference  site.  Concentrations  of  heavy 
metals,  PCBs,  hexach lorobenzene  (HCB) ,  and  PAHs  for  the  worm  samples  from  both 
sites  are  given  in  Tables  3-5.  PCB  and  PAH  components  are  identified  in 
Table  6. 

The  data  show  significantly  greater  accumulation  of  heavy  metals  by 
rubellus  at  the  Times  Beach  site  compared  with  the  reference  site.  Bio¬ 
magnification  of  cadmium  and  perhaps  arsenic  is  indicated.  It  should  be  noted 
that  metal  concentrations  in  worms  from  the  reference  site  are  also  elevated 
when  compared  with  values  cited  in  the  literature. 

Table  4  shows  much  greater  accumulation  of  PCBs  by  worms  from  the  Times 
Beach  woodland  despite  somewhat  low  sediment  levels.  Similarly,  PAHs  were 
much  higher  in  worms  from  Times  Beach.  PAHs  are  elevated  in  Times  Beach 
sediments . 

Insects  and  Toads 


Insects  and  toads  were  collected  from  pitfall  traps  at  the  12  locations 
shown  previously  in  Figure  3.  All  samples  were  collected  from  the  wooded  por¬ 
tion  of  the  site.  Earthworms  which  fell  into  the  traps  were  also  analyzed. 

The  purpose  of  this  sampling  was  to  identify  dominant  groups  of  soil-dwelling 
invertebrates;  to  determine  levels  of  the  heavy  metals  Zn,  Cu,  Cd,  Ni,  Pb ,  and 


TABLE  3.  METAL  CONCENTRATIONS  (ug/g  ASH-FREE  DRY  WEIGHT)  IN 
NATIVE  WORMS  AT  TIMES  BEACH  AND  A  REFERENCE  AREA 


Area 

Spec ies 

Cd 

Cu 

Hg 

As 

Times  Beach 

/..  rubellus 

1  13.0 

59.7 

1.33 

30.8 

84.4 

58.3 

1.95 

52.9 

Re  f  e  rence 

rubellus 

17.6 

20.2 

0.469 

8.84 

22.4 

30.2 

0.549 

11.8 

A.  chlorotica 

24.3 

11.4 

1.76 

10.8 

22.5 

10.4 

2.00 

10.4 

0.  lacteum 

36.5 

12.5 

1.77 

6.47 

50.  7 

14.8 

2.34 

9.59 

E  DRY  WEIGHT)  IN  NATIVE 
REFERENCE  AREA  (REF) 
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TABLE  6.  NOMENCLATURE  OF  PCB  AND  PAH  COMPONENTS 
UNDER  STUDY  WITH  REPORTING  CODE  NUMBERS 


PCB  Components 

28 

2,4,4', 

- 

trichlorobiphenyl 

52 

2, 5, 2', 5 

>  “ 

tetrachlorobiphenyl 

49 

2, 4, 2', 5 

*  “ 

tetrachlorobiphenyl 

70 

2, 5, 3', 4 

J  ~ 

tetrachlorobiphenyl 

101 

2, 4, 5, 2' 

,5', 

pentachlorobiphenyl 

87 

2, 3,4, 2' 

,5', 

pentachlorobipheny 1 

153 

2, 4, 5, 2' 

,4', 5', 

hexachlorobiphenyl 

138 

2, 3, 4, 2' 

,4', 5’, 

hexachlorobiphenyl 

180 

2, 3, 4, 5, 

2', 4', 5', 

heptachlorobipheny 1 

PAH  Components 

1 

phenanthrene 

2 

anthracene 

3 

fluoranthene 

4 

pyrene 

5 

3 , 6-dimethylphenanthrene 

6 

triphenylene 

7 

benzo(b) f luorene 

8 

benzo (a) anthracene 

9 

chrysene 

10 

benzo(e)pyrene 

11 

benzo ( j ) fluoranthene 

12 

perylene 

13 

benzo (b) fluoranthene 

14 

benzo (k) fluoranthene 

15 

benzo (a) pyrene 

16 

dibenzo (a, j ) anthracene 

17 

dibenzo (a, i) pyrene 

18 

benzo(g,h, i) perylene 

19 

indeno (1,2, 3-c ,d) pyrene 

20 

3-methylcholanthrene 

21 

anthanthrene 

Cr  in  each  taxa;  and  to  assess  the  potential  value  of  these  organisms  for  use 
as  indicators  of  heavy  metal  mobility  in  the  ecosystem.  A  complete  inventory 
of  the  numbers  of  individuals  trapped  in  each  order  and  family  is  contained  in 
Strafford  (1985).  Although  sufficient  carnivorous  and  detrivorous  insects  for 
analysis  were  collected  in  this  study,  herbivorous  invertebrate  numbers  were 
insufficient  for  analysis.  Future  studies  will  include  larger  numbers  of 
herbivores . 

Tables  7  and  8  contain  data  on  metal  levels  in  soil  invertebrates,  and 
Table  9  contains  data  on  metal  levels  in  toads.  Table  10  compares  levels  of 
metals  in  insects  from  Times  Beach  to  contaminated  and  uncontaminated  sites 
from  the  literature.  In  general,  metals  levels  in  insects  and  toads  from 
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Invertebrate 

Zn 

Cu 

Ni 

Cd 

Cr 

Pb 

Carnivore 

Beetles 

(Coleoptera) 

104 

15 

<1 

2 

4 

<5 

Spiders 

(Araneida) 

376 

193 

<17 

85 

40 

Centipedes 

(Chilopoda) 

246 

54 

<8 

1 1 

13 

<12 

Detrivore 

Millipedes 

(Diplopoda) 

208 

632 

2 

3 

7 

8 

Wood  Lice 
(Isopoda) 

177 

141 

3 

39 

13 

14 

Earthworm 

833 

94 

12 

60 

41 

62 

(Oligochaeta) 


the  wooded  dredged  material  area  and  the  wooded  background  soil  are  compar¬ 
able.  However,  cadmium  appears  to  be  higher  in  insects  from  the  dredged  mate¬ 
rial.  Table  10  indicates  that  metal  levels  in  invertebrates  from  the  Times 
Beach  dredged  material  are  higher  than  uncontaminated  sites  from  the  litera¬ 
ture,  and  comparable  with  contaminated  sites. 

From  the  results  available,  it  appears  that  spiders  reflect  the  greatest 
accumulation  of  the  elements  Zn,  Cu,  and  Cd  at  the  carnivore  trophic  level. 
Uptake  of  Zn,  Cu,  and  Cd  is  evident  from  metals  and  analyses  of  wood  lice. 
However,  both  Zn  and  Cu  appear  to  have  been  accumulated  to  a  greater  extent  by 
millipedes.  Strafford  (1985)  examined  the  stomach  contents  of  Bufo  americanas 
and  suggested  that  these  toads  had  been  feeding  on  many  of  the  same  species  as 
were  collected  in  the  pitfall  traps.  Comparison  of  metal  levels  in  the  in¬ 
vertebrates  collected  at  Times  Beach  (Tables  7  and  8)  with  metal  levels  mea¬ 
sured  in  the  toads  (Table  9)  indicates  little  or  no  bioacc.umulation  of  trace 
elements  between  trophic  levels.  This  may  imply  little  mobility  or  the  heavy 
metals  from  invertebrate  prey  into  vertebrate  predators,  but  may  also  bn  an 
indication  that  B.  americanas  would  be  a  poor  indicator  species  for  ^e  in 
studies  of  metal  mobility. 

Discussion  of  the  mobility  of  heavy  metals  between  trophic  levels  in  the 
upland  zone  of  the  Times  Beach  ecosystem  is  incomplete  due  to  the  lack  of  data 
on  heavy  metal  concentrations  in  herbivorous  invertebrates.  Specimens  repre¬ 
sentative  of  the  herbivore  trophic  level  could  be  acquired  using  a  longer 
sampling  period.  From  the  results  available  at  present  and  summarized  in 
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TABLE  8.  MEAN  METAL  CONCENTRATIONS  IN  SOIL  INVERTEBRATES, 
TIMES  BEACH  WOODLAND  BACKGROUND  (ug/g  DRY  WEIGHT) 


Invertebrates 


Carnivore 

Beetles 

(Coleoptera) 


Spiders 
(Arane ida) 

Centipedes 

(Chilopoda) 

Detr ivore 
Millipedes 
(Diplopoda) 

Wood  Lice 
( I sopoda) 

Earthworm 
(01 igochaeta) 


Sample 


£ 

n 

• 

Whole  specimen 

Dredged  material 

132 

53 

2 

5 

5 

Background 

132 

56 

1  .  1 

6 

6 

Liver 

Dredged  material 

130 

136 

<4 

8 

13 

<  1 

£ 

Background 

107 

272 

<5 

5 

18 

<1 

K  idney 

Dredged  material 

194 

48 

<1  1 

12 

39 

<4 

Background 

1  H3 

89 

<10 

7 

49 

<3 

K 

Bone 

Dredged  material 

1  79 

7 

<  1 

3 

15 

< 

¥ 

Background 

149 

13 

<2.3 

1.9 

14 

TABLE  10.  COMPARISON  OF  METAL  LEVELS  FOR  INVERTEBRATE  TROPHIC  LEVELS 
AT  TIMES  BEACH  WITH  LITERATURE  VALUES  (ug/g  DRY  WEIGHT) 


Site 

Zn 

Pb 

Cd 

Cu 

Uncontaminated  sites  (literature)* 

Carnivores 

60 

55 

2-6 

23 

Detrivores 

— 

— 

2 

19 

Contaminated  sites  (literature)* 

Carnivores 

270 

130 

11  -  33 

568 

Detrivores 

— 

— 

13 

343 

Times  Beach  (dredged  material) 

Carnivores 

242 

<5  -  <30 

33 

87 

Detrivores 

193 

11 

21 

387 

*  Strafford  (1985) . 


Table  7,  there  is  some  indication  of  accumulation  of  Cd  and  Zn,  but  not  Cu  or 
Pb  between  the  detrivore  and  carnivore  level  of  the  ecosystem.  Further 
studies  involving  some  replication  which  would  enable  statistical  analysis  to 
be  carried  out  are  necessary  to  confirm  any  trends  suggested  by  the  results 
given  in  Table  7. 

Fish 

Fish  species  were  collected  from  the  open  water  of  the  Times  Beach  con¬ 
fined  disposal  site  and  from  a  reference  area  in  the  Buffalo  River.  Each 
species  was  pooled  into  one  sample.  In  order  to  make  a  risk  assessment  for 
local  human  consumption,  fish  fillets  (muscle)  were  prepared.  Liver  tissues 
were  prepared  in  order  to  evaluate  the  presence  of  contaminants  on  a  physio¬ 
logical  basis  and  to  compare  Times  Beach  with  the  reference  site  for  contami¬ 
nants  that  do  not  accumulate  in  muscle  tissue  (e.g.,  cadmium). 

Concentrations  of  heavy  metals  in  fishes  from  Times  Beach  and  a  reference 
site  (mouth  of  the  Buffalo  River)  are  given  in  Table  11.  These  results  indi¬ 
cate  that  only  Hg  in  fish  is  more  elevated  at  Times  Beach  and  approaches  but 
does  not  exceed  human  food  safety  levels  (Marquenie,  Simmers,  and  Kay  (1985). 

PCB  and  HCB  concentrations  in  fishes  are  shown  in  Table  12.  Higher  con¬ 
centrations  were  found  in  fishes  collected  at  Times  Beach  than  in  fishes  of 
the  aquatic  reference  site.  The  highest  levels  were  found  in  muscle  tissues 
of  the  carp.  The  total  concentration  of  the  nine  isomers  that  were  analyzed 
exceeded  1  ug/g  (fresh  weight  basis).  The  concentrations  in  the  livers  were 
much  higher  for  all  species.  The  highest  total  concentration  exceeded  8  ug/g 
for  yellow  perch. 

Table  13  provides  the  concentrations  of  PAH  components  in  fishes  from 
Times  Beach  and  the  aquatic  reference  area.  Clearly,  only  the  most  soluble 
and  most  volatile  PAH  components  are  found  in  the  tissues.  Known  mutagens 


TABLE  11.  METAL  CONCENTRATIONS  (yg/g  ASH-FREE  DRY  WEIGHT)  IN  FISHES  AT 
TIMES  BEACH  AND  THE  ADJACENT  MOUTH  OF  THE  BUFFALO  RIVER 


Area 

Species 

Organ 

Cd 

Cu 

Hg 

As 

Times  Beach 

Yellow  perch 

Muscle 

Liver 

<0.013 

0.042 

2.44 

1.32 

1.16 

0.102 

0.214 

0.936 

Pumpkinseed 

Muscle 

Liver 

<0.019 

0.316 

3.30 

8.00 

0.717 

0.355 

0.579 

1.89 

Rock  bass 

Muscle 

Liver 

<0.04 

1.29 

1.07 

12.8 

2.80 

1.25 

0.541 

1.83 

Carp 

Muscle 

Liver 

<0.025 

0. 125 

2.73 

8.37 

0.767 

0.252 

0.801 

0.751 

Buffalo  River 

Yellow  perch 

Muscle 

Liver 

<0.020 

0.280 

1.92 

3.96 

0.428 

0.053 

0. 161 
0.575 

Pumpkinseed 

Muscle 

Liver 

<0.028 

1.26 

1.99 

10.9 

0.730 

0.363 

0.534 

1.82 

were  absent  or  only  occasionally  detected  in  very  low  concentrations.  The 
concentrations  of  the  components  that  could  be  quantified  were  about  five  to 
ten  times  as  high  in  fishes  from  Times  Beach  as  in  those  from  the  reference 
site . 

Mammal,  fish,  and  bird  populations  have  been  inventoried  at  the  Times 
Beach  confined  disposal  facility.  Future  study  will  be  directed  at  sampling 
and  analyzing  key  higher  food  chain  species  at  Times  Beach  for  contaminant 
bioaccumulation  and  effects. 
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TABLE  13.  PAH  CONCENTRATIONS  (pg/g  ASH-FREE  DRY  WEIGHT)  IN  FISHES  AT  TIMES  BEACH  (TB) 
AND  THE  ADJACENT  MOUTH  OF  THE  BUFFALO  RIVER  (BR) .  APPROXIMATE  DETECTION 
LIMITS  ARE  INDICATED  (d)* 


(Continued) 


r*v»  vw*  vn  w  vn  vr  V*  v*  r*.  vr  irwr*.  WT  it*  jr^ir"  jr  *jt".  lr^lTTVT 


TO  TO  TO  TO  'O  ""O  TO  TO  TO  T3  TO  TO 


TD  TO  TO  TO  TO  TO  TO  TO  '  U  TO 


<r 

co 

On  CO  O 

TO  TO  TO  — <  TO  TJ  TO  TO  TO  O  TO  TO 


oo  I  mm  co  m  <j-  <r  m  cn 

h  in  h  vo  to  to  to  to  '-h  o  •— <  cm 


CO  00 

o  o 

o  o 


m  m 

co  o\ 

o  o 

o  o 


o  o  o  o 


o  o  o  o 


TO  TO  TO  TO  TO  TO  TO  TO  TO  TO  TO  TO 


TO  TO  TO  T)  T0T0  TO  TO  TO  TO  TO  TO 


— <  CO 

O  O 


m 

cm  r-v 

o  o 

o  o 


m 

C*. 

ON 

o  m 

CO 

00 

m 

vD 

m 

CO  -H 

CO 

<r 

o 

O 

o 

o  o 

O 

o 

o 

O 

TO  o 

o  o 

o 

o 

• 

• 

• 

•  • 

• 

• 

o 

o 

o 

o  o 

o 

o 

VsO 

CO 

TO 

TO 

O  TO 

TO  TO 

TO 

TO 

o 

m 

CN 

r- 

•-H 

o 

TO 

TO 

O  TO 

TO  O 

TO 

TO 

• 

• 

O 

o 

TO 

TO 

TO  TO 

TO  TO 

TO 

TO 

<U 

<V 

<D 

0) 

Q) 

<y 

0) 

rH 

f-i  U 

•H  V* 

«H  >-< 

*~h 

u 

0) 

U  <U 

u  <u 

O  0) 

O  0) 

u 

o» 

u 

<u 

w 

> 

W  > 

w  > 

CO  > 

CO  > 

CO 

> 

CO 

> 

3 

•H 

3  *H 

3  -H 

3  *H 

3  *H 

3 

•H 

3 

•H 

X 

-J 

S  J 

X  hJ 

X  hJ 

S 

X 

hJ 

X 

►J 

Pl« 

CO 

OQ 

eu 

in 

>• 

cu 

PC 

C J 

0. 

THE  INDIANA  HARBOR  EXPERIENCE 


Jan  A.  Miller 
US  Army  Corps  of  Engineers 
Chicago  District 
219  South  Dearborn  Street 
Chicago,  Illinois  60604-1797 


ABSTRACT 

Indiana  Harbor  and  Canal  is  part  of  a  highly  in¬ 
dustrialized  watershed  in  northwestern  Indiana.  The 
bottom  sediments  within  the  navigation  channel  are 
highly  polluted,  with  two  reaches  of  the  canal  having 
polychlorinated  biphenyls  (PCBs)  contamination  in 
toxic  levels  (>50  ppm).  The  Corps  has  been  unable  to 
maintain  the  channel  for  over  10  years  because  of  the 
lack  of  a  suitable  disposal  site.  The  Chicago  Dis¬ 
trict  is  addressing  the  disposal  of  maintenance  dredg¬ 
ings  from  Indiana  Harbor  and  Canal  along  two  lines. 

For  the  bulk  of  polluted  dredgings,  the  District  Is 
preparing  plans  for  a  confined  disposal  facility  to  be 
constructed  in  Lake  Michigan  at  East  Chicago,  Indiana. 
For  those  sediments  contaminated  with  elevated  levels 
of  PCBs,  the  Chicago  District  has  contracted  with  the 
Waterways  Experiment  Station  (WES)  to  conduct  studies 
on  the  disposal  alternatives  for  these  materials.  In 
addition,  WES  is  assisting  the  District  in  evaluating 
innovative  dredging  and  disposal  technologies  and  con¬ 
ducting  a  study  on  the  impacts  of  the  no-action 
alternative . 


INTRODUCTION 

The  Indiana  Harbor  and  Canal  is  located  in  East  Chicago,  Indiana,  on  the 
southern  shore  of  Lake  Michigan  (Figure  1).  Indiana  Harbor  is  the  fourth 
busiest  port  on  the  Great  Lakes,  having  a  deep  draft  navigation  channel  main¬ 
tained  by  the  Corps  of  Engineers  (CE) .  The  Grand  Calumet  River,  tributary  to 
Lake  Michigan  via  the  Indiana  Harbor  and  Canal,  has  a  relatively  small  water¬ 
shed  which  is  entirely  urban/industrial.  The  major  industries  along  the  canal 
are  steel,  petrochemical,  lead,  and  gypsum.  The  Grand  Calumet  River / Ind iana 
Harbor  Canal  (GCR/IHC)  has  a  long  history  of  water  quality  problems  and  has 
been  identified  by  the  International  Joint  Commission  of  the  Great  Lakes  (IJC) 
as  a  major  area  of  concern. 

The  Chicago  District,  CE,  maintained  the  navigation  channel  at  Indiana 
Harbor  and  Canal  by  periodic  dredging  until  1972.  Prior  to  1970,  dredgings 
were  disposed  to  the  open  waters  of  Lake  Michigan.  After  1970,  Federal  en¬ 
vironmental  regulations  prohibited  the  unconfined  disposal  of  polluted 


dredgings.  In  1971-1972  maintenance  dredgings  were  disposed  to  an  enclosed 
lakefill  on  Inland  Steel.  Since  1972  the  Corps  has  been  unable  to  maintain 
the  navigation  channel  because  no  acceptable  disposal  site  was  available. 
Despite  several  attempts,  the  Corps  could  not  locate  a  site  or  local  sponsor 
for  almost  10  years.  In  1983  the  Corps  completed  a  Site  Selection  Study  for 
potential  dredged  material  disposal  sites.  The  Lake  County  Board  of  Super¬ 
visors  offered  to  act  as  sponsor  for  the  construction  of  a  confined  disposal 
facility  (CDF)  in  Lake  Michigan  at  East  Chicago.  The  Corps  has  proceeded  with 
the  preparation  of  a  Draft  Environmental  Impact  Statement  to  be  released  in 
November  1985. 

The  dredging  and  disposal  of  polluted  sediments  from  Indiana  Harbor  and 
Canal  have  received  an  unusually  high  amount  of  notoriety,  including  consider¬ 
able  media  attention.  A  number  of  local  citizens  and  environmental  groups 
have  expressed  their  opposition  to  the  proposed  project,  fearing  the  dredging 
and  disposal  might  endanger  the  quality  of  Lake  Michigan.  In  November  1983,  a 
few  months  after  the  release  of  the  Site  Selection  Study,  a  meeting  between 
the  Corps,  US  Environmental  Protection  Agency  (USEPA) ,  State  of  Indiana  offi¬ 
cials,  and  representatives  of  citizens  groups  was  held  at  the  IJC  biennial 
conference  in  Indianapolis,  Indiana.  The  citizens  groups  described  the 
GCR/IHC  as  a  valuable  resource  forgotten  by  the  State  and  USEPA  and  expressed 
doubt  that  the  Corps  would  use  the  most  up-to-date  technologies  in  its  dredg¬ 
ing  and  disposal  plans.  At  this  meeting  both  the  USEPA  and  Corps  of  Engi¬ 
neers,  North  Central  Division,  pledged  to  take  actions  to  address  the  concerns 
raised.  The  USEPA  identified  its  intent  to  prepare  a  Master  Plan  for  the 
GCR/IHC,  coordinating  the  regulatory  and  remedial  actions  necessary  to  improve 
water  quality.  The  Corps  stated  it  would  explore  Innovative  technologies  for 
dredging  and  disposal  of  contaminated  sediments. 


USEPA  MASTER  PLAN 

In  1984-85  the  USEPA,  Region  V,  prepared  a  "Master  Plan  for  Improving 
Water  Quality  in  the  Grand  Calumet  River/Indiana  Harbor  Canal."  The  Master 
Plan  report  included  a  discussion  of  existing  environmental  problems  and  pol¬ 
lutant  sources,  a  presentation  of  existing  water  quality  control  programs,  and 
recommendations  for  improving  water  quality  and  aquatic  habitat  conditions. 

The  summary  of  existing  environmental  problems  in  the  GCR/IHC  stated  that 
there  were  "high  concentrations  of  conventional,  nonconvent ional  and  toxic 
pollutants  in  the  sediments  and  overlying  water  column.  Although  improved 
point  source  controls  have  resulted  in  significant  improvements  in  ambient 
water  quality  conditions  in  recent  years,  the  contaminated  sediments  continue 
to  represent  a  major  in  situ  reservoir  of  accumulated  pollutants."  The  Master 
Plan  report  Indicated  that  "the  continued  discharge  of  toxic  and  nonconven- 
tional  pollutants  (including  contaminants  leaching  from  sediments)  are  now  the 
major  limitation  to  the  biological  recovery  of  the  GCR/IHC  system." 

The  USEPA  Master  Plan  formulated  the  following  recommendations: 

a.  Continue  the  existing  emphasis  on  pollutant  controls. 
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b.  Clarify  the  role  of  toxic  pollutants  in  the  river  system. 

c.  Develop  any  additional  toxic  pollutant  control  programs  that  are 
necessary  for  restoration  of  the  GCR/IHC. 


The  recommendations  are  to  be  implemented  through  a  cooperative,  inter¬ 
agency  effort  which  is  directed  by  USEPA.  The  Corps'  participation  is  cen¬ 
tered  around  the  Environmental  Impact  Statement  on  Indiana  Harbor  maintenance 
dredging  and  its  research  and  development  study.  The  Corps'  "assessment  of 
alternatives  to  dredging  and  spoils  disposal  from  the  Harbor  and  Ship  Canal 
will  contribute  to  public  and  agency  perceptions  of  the  feasibility  of  reme¬ 
dial  actions  proposed  for  upriver  sediment  contaminations." 


INDIANA  HARBOR  STUDIES 


In  1984  the  Chicago  District  contracted  with  the  WES  in  Vicksburg, 
Mississippi,  to  conduct  an  R&D  study.  The  purposes  of  the  study  were 
threefold.  The  first  purpose  was  to  fulfill  the  pledge  made  at  the  November 
1983  IJC  meeting  to  investigate  innovative  dredging  and  disposal  technologies. 
This  part  of  the  R&D  study  was  conducted  last  month  in  the  form  of  an  equip¬ 
ment  demonstration  at  Calumet  Harbor,  Illinois.  The  second  purpose  of  the  R&D 
study  by  WES  (which  represents  the  major  effort)  was  an  evaluation  of  disposal 
alternatives  for  PCB-contaminated  sediments  from  Indiana  Harbor  Canal. 

Thirdly,  the  Chicago  District  asked  WES  to  investigate  what  has  become  known 
as  the  "no-action"  alternative. 


Equipment  Demonstration 


The  purpose  of  this  study  was  to  demonstrate  two  pieces  of  innovative 
dredging/disposal  equipment:  a  "Matchbox"  hydraulic  suction  head  and  a  sub¬ 
merged  diffuser.  The  "Matchbox"  is  a  Dutch-designed  dredge  head  which  had 
been  used  effectively  in  Rotterdam  Harbor  for  the  dredging  of  highly  contami¬ 
nated  sediments  with  minimal  resuspension.  The  submerged  diffuser  is  a  Corps- 
designed  "flange"  to  be  placed  at  the  discharge  end  of  a  hydraulic  dredge 
pipeline  for  controlled  placement  of  dredgings  directly  on  the  ocean/lake 
floor.  The  diffuser  reduces  exit  velocities,  reduces  resuspension,  and  can  be 
used  to  place  and  cap  contaminated  sediments. 


The  equipment  demonstration  took  place  in  October  1985  at  Calumet  Harbor 
in  Chicago,  Illinois  (Figure  1).  The  Corps'  hydraulic  dredge  "Dubuque"  from 
the  St.  Paul  District  was  used  to  demonstrate  the  equipment.  The  performance 
of  the  "Matchbox"  was  compared  with  a  standard  cutterhead.  The  submerged 
diffuser  was  demonstrated  within  the  Chicago  Area  Confined  Disposal  Facility 
(CDF)  at  Calumet  Harbor.  The  results  of  the  demonstration  and  water  quality 
monitoring  should  be  available  in  January  198b. 


Disposal  Alternatives  for 
PCB-Contaminated  Sediments 

The  bottom  sediments  of  the  Indiana  Harbor  and  Canal  are  heavily  polluted 
with  metals  and  organic  contaminants  such  as  PCBs  and  polynuclear  aromatic  hy¬ 
drocarbons  (PAHs) .  The  levels  of  contamination  present  preclude  anv  disposal 
of  dredgings  to  the  open  water.  Most  of  the  sediments  contain  levels  of  con¬ 
tamination  suitable  for  confined  disposal  in  an  upland  or  in-lake  CDF.  Two 
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reaches  of  the  canal  contain  levels  of  PCBs  exceeding  50  ppm.  These  sediments 
are  subject  to  Federal  regulation  under  the  Toxic  Substances  Control  Act 
(TSCA) ,  and  the  disposal  alternatives  are  less  clear.  WES  was  asked  by  the 
Chicago  District  to  evaluate  the  feasibility  of  three  specific  disposal  alter¬ 
natives  for  these  PCB-contaminated  sediments  and  to  analyze  the  control  mea¬ 
sures  required  under  each  alternative.  These  disposal  alternatives  are: 

(1)  upland  CDF,  (2)  in-lake  CDF,  and  (3)  confined  aquatic  disposal  (CAD). 

In  October  1984,  20  barrels  of  sediment  from  Indiana  Harbor  Canal  and 
Lake  Michigan  were  collected  and  transported  to  WES.  A  battery  of  chemical, 
engineering,  and  biological  tests  were  performed  with  these  sediment  samples, 
inc luding : 

a.  Physical/engineering  properties. 

b.  Settling  and  consolidation  tests. 

c.  Solidification/stabilization  tests. 

d.  Bulk  chemical  analysis. 

e^.  Modified  elutriate  tests. 

f.  Column  capping  tests — chemical/biological. 

£.  Plant  uptake. 

h.  Animal  uptake. 

i.  Leachate  tests. 

j^.  Runoff  tests. 

The  sediment  collected  from  Indiana  Harbor  was  a  highly  plastic  clay, 
having  a  high  concentration  of  oil  and  grease  and  12.5  percent  total  organic 
carbon  content.  Metals  were  present  in  elevated  levels,  as  expected  given  the 
industrialized  area.  PAHs  were  present  in  high  concentrations,  including 
napthalene  and  benzo (a) pyrene .  The  mixed  sediment  sample  also  contained 
33.4  ppm  of  PCB  (Ardor  1248). 

The  tests  performed  by  WES  were  used  to  evaluate  the  conditions  expected 
during  the  three  disposal  alternatives.  Modified  elutriate  tests  were  used  to 
assess  the  quality  of  effluent  from  a  CDF.  Column  capping  tests  were  used  to 
determine  the  thickness  of  cap  required  to  isolate  the  contaminated  sediments 
from  the  overlying  water  column.  For  these  tests,  aquatic  organisms  (fish, 
clams,  and  crayfish)  were  placed  in  the  column  over  capped  and  uncapped  sedi¬ 
ments.  Plant  (sedge)  and  animal  (worm)  uptake  tests  were  used  to  determine 
the  potential  for  b ioaccumula t ion  in  an  upland  CDF. 

In  addition  to  the  above  testing  procedures,  WES  scientists  have  been 
developing  new  methods  to  simulate  the  processes  of  leaching  and  runoff  in 
confined  dredged  material  disposal.  This  effort  was  necessary  because  there 
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was  either  no  standardized  method  available  or  the  existing  method  was  too 
costly  or  time-consuming.  Mr.  Tommy  Myers  of  WES  will  be  giving  a  presenta¬ 
tion  at  this  meeting  on  the  development  of  leachate  testing  protocol. 

The  preliminary  results  of  the  WES  analysis  of  disposal  alternatives  for 
PCB-contaminated  sediments  from  Indiana  Harbor  Canal  are  being  reviewed  by  the 
Chicago  District  and  North  Central  Division  at  this  time.  It  appears  that, 
with  certain  design  and  operational  control  measures,  all  three  disposal  al¬ 
ternatives  would  be  feasible  from  an  engineering  and  environmental  basis.  The 
specific  control  measures  are  beyond  the  scope  of  this  paper.  The  final  re¬ 
port  should  be  available  in  January  1986.  Following  review  of  this  report  by 
the  USEPA  and  State  of  Indiana,  the  Chicago  District  intends  to  discuss  the 
selection  of  a  disposal  alternative  with  these  agencies. 

No-Action  Alternative 

The  performance  of  maintenance  dredging  has  long  been  viewed  as  a  neces¬ 
sary  evil  by  the  public  and  environmental  groups — a  messy  operation  having  no 
redeeming  value  except  to  navigation  users.  This  preconception  has  been  chal¬ 
lenged  only  recently.  If  the  USEPA  can  use  dredging  as  a  remedial  action  for 
a  cleanup  under  Superfund,  how  is  maintenance  dredging  that  different? 

When  the  Corps  prepares  an  Environmental  Impact  Statement  for  a  planned 
maintenance  dredging  and  disposal,  no  action  is  one  of  the  alternatives  eval¬ 
uated.  Typically  this  alternative  is  examined  only  for  economic  impacts. 

Yet,  if  the  proposed  action  is  to  remove  polluted  sediments  from  a  river  or 
harbor  and  place  them  in  a  confined  environment,  are  there  not  some  positive 
environmental  impacts  as  well?  Navigation  channels  are  often  located  at  the 
mouth  of  a  river  and  act  as  a  settling  basin  trapping  sediments  which  would 
otherwise  be  transported  out  to  the  receiving  water  body.  The  maintenance  of 
this  sediment  trap  should  be  especially  important  if  the  sediments  are  heavily 
polluted  and  the  quality  of  the  receiving  water  is  highly  valued. 


The  Chicago  District  asked  WES  to  evaluate  the  no-action  alternative  at 
Indiana  Harbor.  Since  it  was  recognized  that  this  was  a  large  undertaking, 
WES  agreed  to  do  a  "first-cut"  investigation  during  1985.  This  study  was  to 
examine  the  existing  information  on  the  GCR/IHC  system,  literature  on  the 
interaction  between  bottom  sediment-water  column,  and  sediment  transport 
information. 
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The  study  would  attempt  to  prioritize  the  mechanisms  by  which  the 
polluted  bottom  sediments  impact  the  water  quality  of  the  river  and  adjacent 
lake  and  to  identify  laboratory  or  field  investigations  necessary  to  quantify 
these  impacts.  Preliminary  findings  indicate  that  sediment-bound  contaminants 
represent  the  most  important  mechanism  for  water  quality  impacts  and  that 
field  studies  of  the  suspended  sediment  sources  and  transport  are  of  highest 
priority.  The  conclusions  and  recommendations  of  the  no-action  alternative 
study  will  be  available  in  January  1986. 
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SUMMARY 

The  experiences  of  the  Chicago  District  at  Indiana  Harbor  have  shown  the 
current  perceptions  of  the  public  and  regulatory  agencies  toward  the  environ¬ 
ment,  dredging,  and  the  removal  of  in-place  toxic  pollutants.  The  public  is 
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becoming  increasingly  impatient  with  regulatory  agencies  tasked  with  restoring 
and  maintaining  environmental  quality.  Organizations  such  as  the  IJC  have 
recognized  that  environmental  problems  are  not  solved  by  study  alone.  At 
their  recent  biennial  conference  in  Kingston,  Ontario,  the  Water  Quality  Board 
of  the  IJC  expressed  this  in  the  theme  of  their  presentation  "Let's  Get  On 
With  It." 

At  Indiana  Harbor,  the  Corps  and  USEPA  have  opportunity  to  make  signifi¬ 
cant  improvements  to  the  existing  environmental  conditions.  The  USEPA  has 
formulated  a  Master  Plan  to  coordinate  regulatory  and  remedial  measures.  The 
Corps  has  proposed  a  plan  for  dredging  most  of  the  navigation  channel  and  has 
completed  studies  on  innovative  dredging  technologies,  disposal  alternatives 
for  PCB-contaminated  sediments,  and  the  impacts  of  the  no-action  alternative. 
With  this  information  in  hand,  the  Corps  should  be  able  to  remove  and  confine 
a  portion  of  the  in-place  pollutants  from  Indiana  Harbor  under  its  navigation 
authority.  The  USEPA  will  be  able  to  define  the  environmental  benefits  from 
the  removal  of  in-place  pollutants  beyond  the  navigation  channel  and  evaluate 
the  feasibility  for  a  remedial  cleanup  action  using  dredging/disposal  alterna¬ 
tives  developed  by  the  Corps. 


THE  MOVEMENT  OF  SEDIMENT  UNDER 
A  PROGRESSIVE  WAVE 


Michio  Gomyoh,  Eiji  Yauchi,  Hiroshi  Ko j ima 
Japan  Dredging  and  Reclamation  Engineering  Association 


ABSTRACT 

Bottom  sediments  in  the  shallow  sea  and  in-bay 
have  very  high  water  and  organic  matter  content. 

These  sediments  are  easily  resuspended  and  settled, 
and  flow  easily  under  tidal  currents  or  waves.  These 
phenomena  have  caused  many  environmental  problems, 
such  as  water  pollution  and  decreased  fairway  depth  in 
harbors  and  bays.  In  order  to  solve  these  problems, 
an  hydraulic  experiment  on  the  movement  of  sediment 
under  a  progressive  wave  was  carried  out  under  differ¬ 
ing  conditions  of  water  content. 

It  was  found  that  the  length  of  the  sediment 
ripple  on  the  interface  between  the  water  layer  and 
sediment  layer,  the  wave  height  of  sediment  oscilla¬ 
tion,  and  the  attenuation  rate  of  progressive  wave 
height  reached  maximum  values  when  the  water  content 
was  about  around  247  to  250  percent. 

Further,  these  characteristics  could  be  evaluated 
by  a  nond linens lonal  number  $(=  ^c/2  •  v  sediment  •  d) 
which  was  obtained  from  the  thickness  of  both  laminar 
boundary  layer  and  sediment. 


INTRODUCTION 

A  great  volume  of  soft  sediment  has  settled  in  the  shallow  sea  and  in-bay 
due  to  transportation  of  organic  matter  and  sands  from  rivers  and  deposition 
of  suspended  substances.  The  following  are  characteristics  of  this  kind  of 
sediment : 

a.  High  composition  of  very  fine  soil  particles. 

b.  High  natural  water  content . 

c.  Easily  resuspends  and  flows. 

d.  High  content  of  organic  matter. 

e.  Very  small  bearing  capacity. 
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This  kind  of  sediment  is  easily  resuspended  and  settled,  and  flows  easily 
by  tidal  currents  or  waves.  Therefore,  these  phenomena  have  caused  constant 
water  pollution  and  decreasing  fairway  depths  in  harbors  and  bays.  The  move¬ 
ment  of  the  bottom  sediment  is  very  complicated,  and  studies  of  t uese  phenom¬ 
ena  are  few  (Ohtubo  1983,  Sumitomo,  Ishibashi,  and  Kuriyama  1975,  Xagai, 
Yamamoto,  and  l.udwig  1983).  In  particular,  the  study  identifying  the  dilier- 
enoe  of  physical  properties  of  sediment  is  not  almost  carried  out. 

To  solve  the  problems  caused  by  these  phenomena,  a  method  to  predict  the 
movement  of  sediments  under  the  currents  or  waves  must  be  obtained. 

This  paper  will  focus  att.-  tion  on  the  movement  of  sediments  with 
differing  properties,  such  as  water  content,  under  the  progressive  wave  in 
order  to  clarify  the  mechanism  of  movement  in  the  shallow  sea  and  in-bay. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  wave  tank  used  in  this  test  was  21  m  long,  1.5  m  deep,  1.5  m  wide, 
and  was  equipped  with  a  piston-type  wave  maker,  as  shown  in  Figure  1. 
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Figure  1.  Experimental  apparatus 

A  uniform  bottom  slope  having  a  gradient  of  1/20  was  set  up  at  the 
down-wave  side  of  the  tank  as  a  wave  absorber,  and  bentonite  (as  shown  in 
Table  1)  was  put  in  the  trench,  which  was  2.5  m  long  and  7  cm  deep  at  the 
center  of  the  tank. 


Experiments  were  carried  out  under  91  conditions.  Water  content  and  wave 
height  were  changed  from  200  to  270  percent  and  from  0.3  to  8.3  cm,  respec¬ 
tively.  Wave  period,  water  depth,  and  sediment  thickness  were  fixed  at 
1.05  sec,  20  cm,  and  7  cm,  respectively. 


TABLE  1.  CHARACTERISTICS  OF  BENTONITE 


Specific  gravity 

2.60 

Median  diameter 

34  um 

Texture 

Sand  4% 

Silt  42% 

Clay  54% 

Liquid  limit 

160.2% 

Plastic  limit 

24.7% 

The  following  were  measured  or  observed: 

a.  Attenuation  rate  of  wave  height  over  sediment. 

b.  Development  process  of  sediment  ripple. 

c.  Resuspension  of  sediment. 

d.  Wave  height  of  sediment  oscillation. 

e.  Phase  lag  between  wave  motion  and  sediment  oscillation. 

Viscosity  of  sediment  was  measured  by  a  rotary  viscometer  (cylinder  type) 
in  order  to  determine  flow  characteristics.  The  influence  of  consolidation 
was  neglected  because  the  test  was  completed  within  a  few  hours. 

RESULTS 


Physical  Properties  of  Sediment 

Physical  properties  of  sediment  should  be  separated  into  (a)  that  inde¬ 
pendent  of  water  content  such  as  chemical  components,  ingredient  texture, 
liquid  and  plastic  limits;  and  (b)  that  dependent  on  water  content  such  as 
density  and  viscosity.  In  this  experiment,  apparent  density  and  flow  charac¬ 
teristics  were  tested. 

Shearing  rate  and  shear  stress  are  used  as  the  physical  indexes  of  shear¬ 
ing  flow,  and  yield  value  is  used  for  plastic  flow.  Figure  2  shows  flow 
curves  of  bentonite  at  each  water  content.  In  this  figure,  D  is  shearing 
rate,  S  is  shear  stress,  and  the  gradient  of  curve  shows  viscosity.  Accord¬ 
ing  to  Figure  2,  the  viscosity  of  bentonite  becomes  high  with  decreasing  of 
water  content,  and  the  flow  curve  shows  that  bentonite  is  a  non-Newtonian 
f luid . 
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Shearing  Rate,  D 

Figure  2.  Flow  curve  of  bentonite 


The  viscosity  nQ  for  the  low  shearing  rates  (0-10  sec  *)  was  calcu¬ 
lated  using  this  curve.  The  kinematic  viscosity  vsediment  t*iat  was  calcu¬ 
lated  using  and  the  apparent  density  are  shown  in  Figure  3.  This 

figure  shows  that  nQ  and  W  (water  content)  are  proportional  at  the  range 

of  the  water  content  in  this  experiment.  However,  the  viscosity  was  too  high 
to  measure  by  the  viscometer  in  the  case  of  bentonite  with  W  of  200  and 
211  percent.  Therefore,  the  values  of  nQ  were  determined  by  extrapolation. 

Movement  of  Sediment 


The  sediment  behaved  as  described  below  with  increasing  wave  height: 

a.  Appearance  of  sediment  ripple  on  the  surface  of  sediment.  The  sedi¬ 
ment  ripple  appeared  on  the  sediment  surface  when  the  progressive 
wave  height  was  fairly  small. 

b.  Growth  of  sediment  ripple.  As  the  progressive  wave  height  increased, 
the  length  and  height  of  the  sediment  ripple  became  large.  Moreover, 
the  profile  of  the  sediment  ripple  was  asymmetric,  leaning  in  the 
opposite  direction  of  the  progressive  wave. 

c.  Resuspension  of  sediment  from  the  crest  of  sediment  ripple.  When  the 
progressive  wave  height  became  larger,  resuspension  of  sediment  from 
the  crest  of  the  sediment  ripple  was  observed. 


W(%) 

Figure  3.  Viscosity  of  bentonite 

d.  Oscillation  of  sediment.  The  phenomena  mentioned  in  a  and  c  were 
observed  on  the  sediment  surface.  However,  when  the  progressive  wave 
height  exceeded  a  certain  height,  the  whole  sediment  began  to 
oscillate . 

e.  Wave  motions  and  destruction  of  sediment.  The  oscillation  of  sedi¬ 
ment  mentioned  in  d  became  large  gradually,  resulting  in  the  wave 
motions  or  destruction  shown  in  Figure  4. 

The  appearance  time  and  the  scale  of  these  phenomena  vary  with  differing 
sediment  physical  properties.  Therefore,  in  order  to  study  further  the  move¬ 
ment  of  sediment,  the  influence  of  water  content  on  the  growth  of  the  sediment 
ripple  and  the  oscillation  of  the  sediment  was  examined.  Figure  5  shows  the 
relation  between  the  wave  length  X  at  the  center  of  the  trench  and  the  water 
content  W  .  In  this  figure,  the  progressive  wave  height  HI  was  measured  at 
the  fixed  bed  on  the  incident  side.  The  length  of  the  sediment  ripple  in¬ 
creased  as  the  progressive  wave  height  increased.  Figure  5  shows  that  the 
lengths  of  the  sediment  ripple  are  maximum  at  W  =  247-250  percent  for  each 
wave  height. 

Similarly,  Figure  6  shows  the  relationship  between  the  wave  heights  (Hml 
and  Hm2)  of  sediment  oscillation  and  water  content,  in  which  Hml  and  Hm2  were 
measured  at  a  position  1  and  2  m  from  the  end  of  the  trench  on  the  incident 
side.  The  wave  height  of  sediment  oscillation  increased  with  increasing  wave 
height,  and  maximum  values  were  reached  at  W  =  247-250  percent  in  all  cases. 
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Figure  6.  Relationship  of  wave  height  of  sediment  oscillation 
and  water  content 

Interaction  of  Wave  and  Sediment 

The  movement  of  sediment  was  discussed  above.  As  the  sediment  movement 
increased,  the  sediment  and  wave  began  to  interfere  with  each  other.  In  this 
experiment,  the  wave  attenuation,  which  progressed  over  the  sediment,  was 
observed  as  reported  by  Nagai,  Yamamoto,  and  Ludwig  (1983). 

The  change  of  wave  height  as  it  progresses  over  the  sediment  is  shown  in 
Figure  7,  in  which  the  abscissa  is  a  measuring  position  of  wave  height.  The 
attenuation  of  wave  height  became  considerable  as  the  progressive  wave  height 
became  large.  Further,  it  seems  to  be  maximum  at  W  =  247-250  percent  in  all 
cases . 

The  attenuation  rate  Dw  of  wave  height  when  the  wave  progresses  by  unit 
length  is  shown  in  Figure  8,  which  indicates  that  the  maximum  value  of  Dw 
exists  at  W  =  247-250  percent. 

The  phas  lag  <5  between  the  sediment  movement  and  the  progressive  wave 
(the  wave  height  is  8.3  cm)  is  shown  in  Figure  9,  where  <5  is  positive  when 
the  phase  of  sediment  movement  proceeds  with  one  of  wave.  According  to 
Figure  9,  the  phase  lag  6  is  zero  at  W  =  247  percent.  Moreover,  this  value 
of  W  is  the  same  water  content  value  as  when  the  length  of  sediment  ripple, 
the  wave  height  of  sediment  oscillation,  and  the  attenuation  rate  of 
progressive  wave  height  are  maximum. 
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displacement  £  occurs  on  the  face  of  the  sediment  oscillation  (V  =  d£/dt). 
At  this  time,  the  upper  fluid  does  the  work  P  •  V  against  the  lower  fluid. 
When  the  wave  and  the  sediment  oscillation  have  the  same  phase,  the  work 
P  •  V  is  the  greatest.  Further,  the  attenuation  of  wave  height  also  in¬ 
creases  because  the  energy  transmission  from  the  wave  to  the  sediment  becomes 
great . 

The  following  will  be  pointed  out  as  physical  properties  which  control 
the  movement  of  sediment: 


a.  Sediment  thickness  :  d 

b.  Kinematic  viscosity  of  sediment  :  v  sediment 

c.  Angular  frequency  of  wave  :  o  =  2tt/T 

The  nondimensional  number  $  is  given  by  the  thickness  of  laminar  boun¬ 

dary  layer  and  the  thickness  of  sediment  as  follows: 

<p  =  /a/2  •  v  sediment  •  d 


The  results,  which  are  taken  from  Figures  5,  6,  8,  and  9  by  using  <p  » 
are  shown  in  Figures  11-14,  Accordingly,  these  figures,  values  of  the  length 
of  sediment  ripple,  wave  height  of  sediment  oscillation,  and  attenuation  of 
wave  height,  are  arranged  by  the  use  of  <p  »  and  these  values  are  maximum  at 
♦  =  0.6  . 


Figure  11.  Relationship  between 
length  of  sediment 
ripple  and  4> 
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Figure  12 
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An  experimental  study  where  the  wave  period  and  the  sediment  thickness 
were  fixed  was  conducted  to  study  the  viscosity  of  sediment.  More  studies  are 
needed  to  clarify  the  sediment  movement.  For  this  purpose,  a  series  of  experi 
ments  under  conditions  with  differing  wave  periods  and  sediment  thicknesses  is 
planned . 
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THE  LONDON  DUMPING  CONVENTION  AND  ITS  ROLE  IN 
REGULATING  DREDGED  MATERIAL:  AN  UPDATE 
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Environmental  Effects  of  Dredging  Programs 
Environmental  Laboratory 
US  Army  Engineer  Waterways  Experiment  Station 
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The  Convention  on  the  Prevention  of  Marine  Pollu¬ 
tion  by  Dumping  of  Waste  and  Other  Matter — known  as 
the  London  Dumping  Convention  or  LDC — was  formed  in 
1972  and  came  into  force  in  the  United  States  in  1975. 
The  policy,  regulatory,  and  technical  aspects  of  the 
Corps  of  Engineers'  ocean  dumping  program  for  dredged 
material  are  directly  affected  by  the  United  States 
being  signatory  to  the  LDC.  The  contracting  nations 
have  met  annually  since  LDC-1  met  in  September  1976. 
Since  that  time,  an  extensive  program  of  work  was 
adopted  related  to  the  implementation  of  the  Conven¬ 
tion  concerning  all  aspects  of  dumping  at  sea. 
Requirements  of  the  LDC  are  discussed  in  relation  to 
the  United  States'  domestic  ocean  dumping  regulations. 
Emphasis  is  placed  on  application  of  the  technical 
Annexes  to  the  Convention.  An  update  of  the  LDC 
annual  meetings  includes  LDC-8  and  LDC-9 — which  met  in 
February  1984  and  September  1985,  respectively. 

Future  strategy  at  the  Convention  emphasized  the  need 
for  a  multidisposal  media  approach  at  waste  management 
that  places  ocean  disposal  on  an  equal  basis  with  land 
based  alternatives  in  the  early  planning  phase  of  a 
project . 


INTRODUCTION 

Navigable  waterways  of  the  United  States  have  played  a  vital  role  in  the 
Nation's  economic  growth  through  the  years.  The  Corps  of  Engineers  (CE) ,  in 
fulfilling  its  mission  to  maintain,  improve,  and  extend  these  waterways,  is 
responsible  for  the  dredging  and  disposal  of  large  volumes  of  sediment  each 
year.  Dredging  is  a  process  by  which  sediments  are  removed  from  the  bottom  of 
streams,  rivers,  lakes,  and  coastal  waters;  transported  via  ship,  barge,  or 
pipeline;  and  discharged  to  land  or  water.  Annual  quantities  of  dredged 
material  average  about  290  million  cubic  metres  in  maintenance  dredging  opera¬ 
tions  and  about  78  million  cubic  metres  in  new  work  dredging  operations  with 
the  total  annual  cost  exceeding  $150  million  (Boyd  et  al.  1972).  Ocean  dis¬ 
posal  accounts  for  about  15  to  20  percent  of  the  Corps'  annual  disposal 
operations . 
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Sediment  contamination  has  generated  concern  that  dredging  and  disposal 
may  adversely  affect  water  quality  and  aquatic  organisms.  Consequently,  most 
of  the  concern  has  centered  on  aquatic  disposal.  In  recent  years,  the  CE  has 
disposed  of  approximately  half  of  the  material  at  open-water  sites.  Because 
many  of  the  waterways  are  located  in  industrial  and  urban  areas,  sediments  are 
often  contaminated  with  wastes  from  these  sources. 

The  lead  responsibility  for  development  of  ecological  criteria  and 
guidelines  regulating  the  transport  and  disposal  of  dredged  and  fill  material 
was  legislatively  assigned  to  the  Environmental  Protection  Agency  (EPA)  to 
share  in  consultation  and  conjunction,  respectively,  with  the  CE.  Moreover, 
the  enactment  of  Public  Laws  92-532  (the  Marine  Protection,  Research,  and 
Sanctuaries  Act  (MPRSA)  of  1972)  and  92-500  (the  Federal  Water  Pollution 
Control  Act  Amendments  of  1972)  requires  the  CE  to  participate  actively  in 
developing  guidelines  and  criteria  for  regulating  dredged  and  fill  material 
discharge.  The  focal  point  for  the  developmental  research  on  these  procedures 
was  the  CE  Dredged  Material  Research  Program  (DMRP)  (Boyd  et  al.  1972,  Brannon 
1978). 

Recent  emphasis  on  deepwater  port  development  for  coal  export  and  petro¬ 
leum  import  and  transfer  will  generate  large  quantities  of  dredged  material  in 
specific  locations.  As  an  example,  planned  deepening  of  Norfolk  and  Mobile 
harbors  will  generate  about  35  and  141  million  cubic  metres,  respectively. 
Ocean  disposal  may  be  the  only  viable  alternative  for  this  generally  clean 
material.  The  ocean  as  an  acceptable  location  for  disposal  of  this  material 
must  be  thoroughly  investigated. 

LEGAL  REQUIREMENTS 


The  London  Dumping  Convention 


The  United  States  is  signatory  to  an  international  treaty  that  is  imple¬ 
mented  through  the  Convention  on  the  Prevention  of  Marine  Pollution  by  Dumping 
of  Wastes  and  Other  Matter  (London  Dumping  Convention  (LDC)).  The  signatory 
countries  to  this  convention  shall  then  take  all  practicable  steps  to  prevent 
the  pollution  of  the  sea  that  is  liable  to  create  hazards  to  human  health,  to 
harm  living  resources  and  marine  life,  to  damage  amenities,  or  to  interfere 
with  other  legitimate  uses  of  the  sea  (Article  I  of  the  LDC) . 

The  LDC  was  negotiated  in  November  1972.  After  ratification  by  15  member 
nations,  the  LDC  came  into  force  in  the  United  States  on  30  August  1975.  The 
contracting  or  member  nations  have  met  annually  since  September  1976. 

The  construction  of  the  LDC  is  quite  simple  and  straightforward.  The 
articles  which  comprise  the  legal  framework  of  the  Convention  develop  the 
formal  regulatory  foundation.  The  Annexes  ( I-prohibi ted  materials,  II-materi- 
als  requiring  special  care,  and  Ill-provisions  for  developing  regulatory 
criteria)  develop  the  technical  framework  to  implement  the  articles,  and  the 
interim  guidelines  for  interpreting  the  Annexes  or  Articles  comprise  the 
day-to-day  working  level  application  of  the  LDC.  The  simplicity  ends  here. 
Many  legal  and  technical  terms  and  constraints  were  ill  defined,  or  even 
undefined  by  the  founders  of  the  LDC,  leaving  the  signatorv  countries  a  verv 
difficult  job  in  implementation  through  their  domestic  procedures.  The  LDC 
meets  annually  and  conducts  business  on  a  consensus  basis  after  debating  the 


issues  at  hand.  A  vote  is  rarely  taken  and  is  regarded  as  choice  of  last 
resort.  Issues  (questions,  legal  and/or  technical  positions,  rule  changes, 
modifications  or  proposals,  etc.)  can  only  be  introduced  to  the  annual  consul¬ 
tative  meetings  by  member  nations  and  thuslv  debated  and  acted  upon  by  said 
member  nations.  Technical  and/or  legal  issues  can  also  be  referred  to  inter- 
sessional  groups  for  further  study  and/or  resolution.  The  LDC  is  an  active 
and  dynamic  treaty  that  tries  to  incorporate  the  state  of  the  art  in  its 
deliberations  while  remaining  responsive  to  many  opposing  views  regarding 
ocean  disposal. 

The  policy,  regulatory,  and  technical  aspects  of  both  the  Corps'  and 
EPA's  ocean  dumping  programs  for  dredged  material  are  directly  affected  by  the 
United  States  being  signatory  to  the  LDC.  Domestic  criteria  must,  at  a  mini¬ 
mum,  be  equivalent  to  and  contain  all  of  the  basic  constraints  set  forth  in 
the  international  regulations. 

A  Scientific  Croup  was  formed  by  the  LDC  to  meet  intersessionally  to  make 
technical  and  scientific  recommendations  to  the  Consultative  Body  concerning 
the  ecological  aspects  of  regulating  dumping  at  sea.  The  group  met  in  Septem¬ 
ber  1977  and  has  since  met  annually  approximately  6  months  prior  to  each 
annual  LDC  meeting. 

A  Task  Team  2000  has  been  organized  to  identify  long-term  goals  of  the 
LDC.  The  team's  specific  objective  is  to  project  the  role  of  the  Convention 
in  the  Year  2000. 

An  ad  hoc  Legal  Experts  Group  on  Dumping  also  meets  intersessionally  on 
an  as-needed  basis  to  discuss  and/or  resolve  legal  interpretation  of  the  LDC. 
Critical  issues  under  discussion  by  this  group  are  incineration  at  sea  and 
seabed  emplacement  of  high  level  radioactive  wastes. 

The  Deputy  Director  of  Civil  Works  of  the  Office,  Chief  of  Engineers, 
attends  the  annual  meetings  of  the  LDC  as  the  Corps'  policy  representative. 

Dr.  Robert  M.  Engler  of  the  Waterways  Experiment  Station  (WES)  is  the  Corps' 
technical  representative  at  both  LDC  and  Scientific  Group  meetings.  Corps 
participation  is  subsequently  through  membership  on  the  US  delegation  (headed 
by  State  Dept.)  to  the  LDC. 

Marine  Protection 

Research  and  Sanctuaries  Act 

Tiie  constraints  of  the  LDC  affecting  dredged  material  are  promulgated 
through  Section  103  of  the  MPRSA  specifying  that  all  proposed  operations 
involving  the  transportation  for  dumping  of  dredged  material  into  ocean  waters 
must  be  evaluated  to  determine  the  potential  environmental  impact  of  such 
activities  (Federal  Register  1973,  1977).  Implementation  of  this  evaluation 
program  is  aided  by  use  of  an  F.PA/CF.  Implementation  Manual  (EPA/CE  Technical 
Committee  1977).  The  ocean  dumping  criteria  also  require  that  the  published 
(Federal  Register  1977)  interim  ocean  disposal  sites  be  designated  as  final 
ocean  disposal  sites  by  January  1980  or  as  amended.  This  designation  can  only 
follow  a  comprehensive  ecological  investigation  of  the  site  and  preparation  of 
a  site  designation  (Environmental  Impact  Statement  (HIS))  bv  the  EPA  (Federal 
Register  1977,  EPA  1977). 


An  ocean  dumping  evaluation  must  consider  materials  prohibited  from 
disposal  by  international  treaty  (LDC)  (EPA  1977)  (Public  Law  92—254) ;  the 
environmental  impact;  the  general  compatibility  of  the  material  with  the 
disposal  site;  the  need  for  ocean  dumping  with  a  thorough  review  of  alterna¬ 
tives;  impacts  on  aesthetics,  recreation,  and  economics;  and  impacts  on  other 
uses  of  the  oceans.  Evaluations  in  CE  regulation  33  CFR  Parts  320  through  329 
must  also  be  applied. 

Final  regulations  and  criteria  controlling  ocean  disposal  of  dredged 
sediments  were  published  by  the  EPA  on  15  October  1973  (CE  1976)  in  the 
Federal  Register.  The  procedures  (criteria)  for  assessing  the  suitability  of 
dredged  sediments  for  ocean  disposal  consisted  primarily  on  the  Elutriate  Test 
(Saucier  et  al.  1978)  in  place  of  total  sediment  analysis.  This  procedure  was 
used  to  address  short-term  water  quality  impacts  but  not  the  longer  term 
benthic  impacts.  Bioassays  were  recommended  only  in  general  terms. 

The  MPRSA  further  required  that  the  criteria  for  ocean  disposal  be  un¬ 
dated  at  least  every  3  years.  The  first  updated  criteria,  which  are  currently 
in  effect,  were  published  in  the  11  January  1977  Federal  Register  (1977). 

These  criteria  account  for  provisions  of  the  Convention  on  the  Prevention  of 
Marine  Pollution  by  Dumping  of  Wastes  and  Other  Matter  (Convention)  and 
reflect  recent  legal  challenges  by  the  National  Wildlife  Federation  as  to  the 
adequacy  of  the  1973  criteria  (Federal  Register  1973,  1977).  The  Convention 
bans  the  ocean  dumping  of  materials  containing  other  than  traces  of  certain 
compounds.  Compounds  on  the  prohibited  list  are  considered  to  be  present  in 
trace  quantities  when  the  dumping  of  dredged  sediments  containing  these  con¬ 
taminants  will  not  cause  significant  undesirable  effects  (1977). 

EVALUATIVE  REQUIREMENTS 

The  potential  effects  of  the  ocean  disposal  of  dredged  material  on  marine 
organisms  and  human  uses  of  the  ocean  may  range  from  unmeasurable  to  impor¬ 
tant.  These  effects  may  differ  at  each  disposal  site  and  must  be  evaluated  on 
a  case-by-case  basis.  The  Federal  Register  (1977)  provides  criteria  for  such 
an  evaluation,  with  an  emphasis  placed  on  direct  assessment  of  biological 
impacts,  and  the  appropriate  technical  procedures  are  found  in  Parts  227  and 
228  (Federal  Register  1977).  These  procedures  and  their  relationship  to  each 
other  are  illustrated  diagrammatically  and  completely  described  in  the  EPA/CE 
Manual  (EPA/CE  Technical  Committee  1977). 

PROHIBITED  MATERIALS 

The  first  evaluation  involves  the  presence  of  certain  prohibited  sub¬ 
stances  (prohibited  pursuant  to  the  LDC  and  domestic  law)  that  may  not  be 
ocean  dumped  under  any  circumstances.  If  materials  such  as  high  radioactive 
wastes  or  chemical  or  biological  warfare  agents  are  present,  the  permit  appli¬ 
cation  must  be  denied  without  further  consideration.  Dredged  material,  how¬ 
ever,  is  highly  unlikely  to  contain  these  substances  and  must  usually  receive 
the  full  technical  evaluation  required  by  the  criteria. 


EXCLUSIONS  FROM  TESTING 


There  are  cases  where  dredged  material  is  not  considered  chemically  con¬ 
taminated  and  would,  therefore,  cause  negligible  pollutional  inpact  when 
discharged  at  an  appropriate  disposal  site.  Thus,  material  that  meets  the 
requirements  of  paragraph  227.13(b)  of  the  Federal  Register  (1977)  may  be 
excluded  from  the  technical  evaluations  required  by  Section  227.13(b)  and  need 
be  evaluated  only  in  terms  of  its  compatibility  with  the  disposal  site  and  the 
considerations  of  Subparts  C,  D,  and  E,  and  the  appropriate  sections  of 
Part  228.  Dredged  material  that  does  not  meet  the  exclusions  must  receive 
full  testing  for  its  potential  for  environmental  impact.  The  evaluative  pro¬ 
cedures  emphasize  biological  effects,  rather  than  simple  chemical  presence  of 
possible  contaminants.  Dredged  material  is  separated  for  evaluation  into 
three  phases,  as  defined  in  paragraph  227.32(b)  (1)  of  the  Federal  Register 
(1977).  All  three  phases  must  be  evaluated. 

LIQUID  PHASE 

The  liquid  phase  of  dredged  material  may  be  analyzed  chemically  and  the 
results  evaluated  by  comparison  to  water  quality  criteria  for  all  contaminants 
after  allowance  for  initial  mixing.  The  period  of  initial  mixing,  discussed  in 
the  EPA/CE  Manual  (EPA/CE  Technical  Committee  1977),  must  be  allowed  before 
comparing  the  predicted  concentrations  with  water  quality  criteria.  If  the 
water  quality  criteria  approach  is  not  taken,  the  liquid  phase  must  be  evalu¬ 
ated  by  bioassays.  The  direct  bioassay  approach  is  to  be  used  when  the  liquid 
phase  may  contain  major  constituents  not  included  in  the  water  quality 
criteria  or  when  there  is  reason  to  be  concerned  about  possible  synergistic 
effects  of  certain  contaminants.  In  these  cases  liquid  phase  bioassay  can  aid 
in  evaluating  the  importance  and  the  total  net  impact  of  dissolved  chemical 
constituents  released  from  the  sediment  during  disposal  operations. 

SUSPENDED  PARTICULATE  PHASE 

The  suspended  particulate  phase  of  dredged  material  must  be  evaluated  for 
potential  envirbnmental  impact  only  by  use  of  bioassays.  The  bioassays  are 
used  to  evaluate  directly  the  potential  for  biological  impacts  due  to  both  the 
physical  presence  of  suspended  particles  and  to  any  biologically  active  contami 
nants  associated  with  the  particulates  and/or  the  dissolved  fraction.  These 
bioassays  must  also  be  conducted  in  light  of  initial  mixing. 

SOLID  PHASE 

It  is  generally  felt  that  if  a  dredged  material  is  going  to  have  an 
environmental  impact,  the  greatest  potential  for  impact  lies  in  the  solid 
phase.  This  is  because  it  is  not  mixed  and  dispersed  as  rapidly  or  to  such  an 
extent  as  the  liquid  and  suspended-particulate  phases,  and  bottom-dwelling 
animals  live  and  feed  in  and  on  the  deposited  solid  phase  for  extended 
periods.  Therefore,  unless  there  is  reason  to  do  otherwise,  the  major  evalua¬ 
tive  efforts  should  be  placed  on  the  solid  phase.  Bioassays  are  required  for 
evaluation  of  the  potential  impact  of  the  solid  phase.  Solid-phase  bioassay 
must  also  be  interpreted  in  light  of  initial  mixing  and  must  be  conducted  with 
appropriate  sensitive  marine  organisms  consisting  of  at  least  three  species  of 
one  filter-feeding,  one  deposit-feeding,  and  one  burrowing  species. 


BIOACCUMULATION 


All  biological  evaluations  of  the  suspended  particulate  and  solid  phase 
are  required  by  law  (Federal  Register  1977)  to  include  an  assessment  of  the 
potential  for  contaminants  from  dredged  material  to  be  bioaccumulated  in  the 
tissues  of  marine  organisms.  This  is  intended  to  assess  the  potential  for  the 
long-term  accumulation  of  toxins  in  the  food  web  to  levels  that  might  be  harm¬ 
ful  to  the  ultimate  consumer,  often  man,  without  killing  the  intermediate 
organisms.  Since  concern  about  bioaccmulation  is  focused  on  the  possibility 
of  gradual  uptake  over  long  exposure  times,  primary  attention  is  usually  given 
to  the  solid  phase  that  is  deposited  on  the  bottom.  Bioaccumulation  from  the 
suspended-particulate  phase  is  considered  to  be  of  secondary  concern  due  to 
the  short  exposure  time  resulting  from  rapid  dispersion  of  the  suspended  par¬ 
ticulates  by  mixing.  Because  of  the  long-term  nature  of  the  concerns,  bio¬ 
accumulation  from  the  solid  phase  is  best  evaluated  at  present  in  the  field. 
This  can  be  done  only  when  a  historical  precedent  exists  for  the  proposed 
operation;  that  is  to  say,  past  projects  of  similar  pollutional  characteris¬ 
tics  were  disposed  at  the  site  under  assessment.  Under  these  conditions  a 
field  assessment  provides  the  most  useful  information  because  the  animals  have 
been  exposed  to  the  sediment  under  natural  conditions  for  periods  greater  than 
are  now  generally  practical  in  the  laboratory. 

TRACE  CONTAMINANTS 

As  described  in  the  EPA/CE  Manual  (EPA/CE  Technical  Committee  1977),  the 
presence  or  absence  of  trace  contaminants  must  be  determined  for  all  three 
phases  of  the  material.  section  227.6  of  the  Federal  Register  (1977)  is 
perhaps  the  key  section  of  the  criteria  since  dredged  material  may  not  be 
ocean  dumped  if  it  contains  any  of  the  listed  substances  in  greater  than  trace 
amounts.  This  is  not  defined  in  terms  of  numerical  chemical  limits  whose 
environmental  meaning  is  uncertain,  but  rather  "...EPA  came  to  the  conclusion 
that  the  basis  for  regulation  (of  trace  contaminants)  should  be  the  probable 
impact  of  these  constituents  on  the  biota  and  that  the  measurement  technique 
used  should  be  bioassays  on  the  waste  itself"  (EPA  1977).  Section  227.6(b) 
expresses  in  regulatory  language  the  idea  that  trace  concentrations  should  be 
defined  as  those  too  low  to  cause  an  environmental  effect  (Federal  Register 
197  7)  . 


PERSPECTIVE 

It  should  be  made  very  clear  at  the  outset  that  the  policy  of  the  United 
States  acting  through  the  Marine  Protection  Research  and  Sanctuaries  Act  of 
1972  (Ocean  Dumping  Act)  with  application  of  the  LDC  constraints  does  not 
strictly  prohibit  the  ocean  dumping  of  dredged  material.  Rather,  it  regulates 
the  dumping  to  prevent  or  strictly  limit  dumping  which  would  adversely  affect 
human  health,  welfare,  or  amenities  of  the  marine  environment,  ecological 
systems,  or  economic  potentialities  (Federal  Register  1973).  The  LDC  pro¬ 
hibits  the  dumping  of  some  materials  as  other  than  trace  contaminants;  how¬ 
ever,  dredged  material  contaminated  with  these  prohibited  materials  may  be 
ocean  disposed  using  capping  or  other  special  care  techniques  that  will 
rapidly  render  the  contaminant  materia]  harmless. 


These  critical  domestic  and  international  objectives  are  implemented 
through  criteria  promulgated  by  EPA  which  incorporates  state-of-the-art 
biochemical  evaluative  guidance  and  testing  procedures.  The  legislation 
(Federal  Register  1973,  1977)  then  requires  that  a  determination  be  made  such 
that  the  dumping  will  not  unreasonably  degrade  or  endanger  human  health, 
welfare,  or  amenities  or  the  marine  environment  ecological  system  or  economic 
potentialities . 

Additional  evaluative  guidance  is  set  forth  in  EPA's  regulations  to 
implement  the  Ocean  Dumping  Act  and  the  international  constraints.  These  are 
known  as  the  Ocean  Dumping  Criteria  and  present  the  testing  and  evaluative 
procedures  and  specific  constraints  that  must  be  applied  to  a  proposed  dumping 
operation.  With  regard  to  dredged  material,  it  also  presents  important  exclu¬ 
sions  from  the  mandatory  and  comprehensive  testing  requirements.  It  should  be 
noted  that  the  LDC  has  also  promulgated  broad  exclusions  from  the  mandatory 
testing  and  specific  prohibitions  for  dredged  material  and  sewage  sludge  pro¬ 
posed  for  ocean  disposal.  For  those  materials  that  cannot  be  excluded,  a  com¬ 
prehensive  laboratory  and  field  evaluative  scheme  is  applied  to  the  specific 
project.  The  general  constraints  outlined  in  the  Criteria  (Federal  Register 
1977)  are  such  that  various  tests  are  conducted,  so  that  when  the  materials 
are  dumped,  reasonable  assurance  is  provided  that  no  significant  undesirable 
effects  will  occur  due  either  to  toxicity  or  bioaccumulation.  As  previously 
mentioned,  there  are  numerous  other  constraints  which  must  also  be  met,  but 
these  are  the  most  rigorous. 

Obviously,  none  of  this  language,  which  is  taken  directly  from  the  legis¬ 
lation,  the  treaty,  and  the  regulations,  strictly  prohibits  ocean  dumping  with 
the  exception  of  the  trace  contaminants  provisions  of  the  LDC.  The  legisla¬ 
tion  allows  significant  latitude  and  discretion  in  determining  when  effects 
are  adverse  and  will  result  in  unreasonable  degradation  or  endangerment  or 
result  in  undesirable  effects. 

As  a  consequence,  ocean  disposal  should  then  be  considered  a  viable 
alternative  of  these  regulations  and  evaluated  on  an  equal  basis  to  inland 
based  alternatives. 

What  have  we  learned  about  ocean  disposal  of  dredged  material  since  1972 
or  passage  of  the  MPRSA?  Studies  of  existing  ocean  disposal  sites  (Engler 
1981;  Herner  and  Company  1978;  Lee,  Engler,  and  Mahloch  1976;  Saucier, 

Calhoun,  Engler,  Patin,  and  Smith  1978),  both  domestically  and  worldwide,  Lave 
not  revealed  the  presence  or  formation  of  an  ecological  desert  at  any  site 
investigated.  The  physical  effects,  however,  are  obvious.  The  dumped  mate¬ 
rials  form  somewhat  stable  mounds.  The  site  recolonizes  rapidly  with  marine 
organisms  and  many  sites  become  favored  fishing  grounds;  there  has  been  no 
documented  effect  found  outside  the  legal  boundaries  of  the  disposal  site 
(Engler  1981;  Herner  and  Company  1978;  Lee,  Engler,  and  Mahloch  1976;  Saucier, 
Calhoun,  Engler,  Patin,  and  Smith  1978).  Sites  used  as  often  as  the  Mud  Dump 
Site  in  the  New  York  Bight  obviously  remain  in  a  state  of  physical  stress  as 
would  any  routinely  used  part  of  our  ecosystem,  be  it  a  superhighway,  a  navi¬ 
gation  channel,  or  an  intensively  farmed  agricultural  area.  Moreover,  there 
are  adequate  and  appropriate  guidelines  (Federal  Register  19  7.’’)  ami  ee.>l, .gi.  D 
testing  procedures  (EPA/CE  Technical  Committee  1977)  to  indicate  the  small 
percent  of  the  highly  contaminated  and  toxic  dredged  material.  Ih i •  mat 


may  be  unacceptable  for  ocean  disposal  and  must  be  carefully  managed  and  con¬ 
tained  in  a  land  disposal  site,  or  it  may  be  ocean  disposed  with  appropriate 
special  care  techniques. 

LDC  UPDATE 

The  LDC  applies  to  dredged  material  as  well  as  all  other  materials  con¬ 
sidered  for  ocean  disposal.  However,  guidance  adopted  by  the  past  Consulta¬ 
tive  Meetings  to  the  LDC  has  recognized  that  all  the  factors  used  to  evaluate 
the  ocean  disposal  of  some  material  may  not  be  applicable  to  dredged  material 
and  may  in  fact  be  excluded  from  the  rigorous  evaluation.  First,  the  "Interim 
Guidelines  of  the  Implementation  of  Paragraphs  8  and  9  of  Annex  I  (prohibited 
materials)  to  the  LDC"  provide  that,  with  respect  to  dredged  material,  the 
test  procedures  to  be  used  for  determining  the  potential  for  toxic  effects, 
persistence,  inhibition  of  life  processes,  and  bioaccumulation.  This  informa¬ 
tion  is  used  to  determine  whether  Annex  I  materials  are  "trace  contaminants" 
or  "rapidly  rendered  harmless"  (and  thus  exempt  from  the  prohibitions  of 
Annex  I) .  This  information  may  not  be  needed  if  chemical  characterization  of 
the  material  and  knowledge  of  the  receiving  area  allows  an  assessment  of  the 
environmental  impact.  In  addition,  Appendix  1  to  the  Interim  Guidelines, 

"Test  Procedures  for  the  Interpretation  of  'Trace  Contaminants’  and  ’Harmless¬ 
ness  exempts  dredged  material,  in  the  absence  of  appreciable  pollution 
sources,  from  the  chemical  and  biological  testing  requirements  of  the  Annex  I 
prohibitions . 

The  LDC,  meeting  in  February  1983,  was  asked  by  its  Scientific  Group 
(which  makes  technical  and  scientific  recommendations  to  the  LDC  concerning 
the  ecological  aspects  of  regulating  dumping  at  sea)  to  consider  whether  or 
not  dredged  material  contaminated  with  prohibited  substances  could  be  capped 
with  cxean  material  under  the  provisions  of  the  LDC.  It  was  generally  agreed 
that  capping  techniques  are  considered  to  be  technically  and  scientifically 
feasible  in  low-energy  environments  and  should  continue  as  field  research  and 
that  the  projects  should  be  monitored  until  sufficient  information  is  obtained 
as  to  the  acceptability  of  capping  for  a  broader  selection  of  ocean  environ¬ 
ments.  (Note:  Only  5  to  10  percent  of  dredged  material  considered  for  ocean 
disposal  may  fall  into  the  LDC  category  of  being  unacceptable  for  ocean  dis¬ 
posal.)  The  Corps'  research  will  continue  to  assess  the  technical  applica¬ 
bility  of  innovative  techniques  such  as  capping  and  subaqueous  borrow  pits  for 
disposing  of  contaminated  dredged  material.  The  engineering  aspects  of  cap¬ 
ping  contaminated  dredged  material  and  the  efficiency  of  capping  in  isolating 
the  contaminated  material  from  the  water  column  and  bottom-dwelling  organisms 
are  published  and  are  available  from  the  Waterways  Experiment  Station. 

The  Eighth  Consultative  Meeting  to  the  LDC  (February  1984)  adopted  these 
guidelines  for  the  interpretation  of  Annex  III  to  the  Convention;  these  guide¬ 
lines  recognize  that  not  all  of  the  environmental  factors  enumerated  in 
Annex  III  need  be  applied  to  the  ocean  disposal  of  "some  uncontaminated 
dredged  material."  In  addition  and  in  regard  to  the  evaluation  of  alterna¬ 
tives  to  ocean  dumping,  it  was  accepted  by  the  8th  LDC  that  a  general  weighing 
and  balancing  of  alternatives  be  conducted  by  a  comparative  assessment  of 
human  health  risks,  environmental  risks,  hazards,  economics,  and  future  uses 
of  disposal  areas  for  both  sea  disposal  and  the  alternatives.  If  this  compar¬ 
ative  assessment  shows  the  land  alternative  to  be  more  practical,  sea  disposal 
should  not  be  permitted.  This  is  a  major  change  in  the  philosophy  that  ocean 


disposal  is  a  "choice  of  last  resort."  A  report  of  the  "Task  Team  2000" 
included  the  US  position  that  the  ocean  disposal  of  dredged  material  meeting 
appropriate  standards  is  an  acceptable  alternative  and  may  be  evaluated  with 
all  other  alternatives  and  be  considered  throughout  the  planning  and  decision 
process.  This  shift  in  past  direction  of  US  ocean  disposal  policy  signals  a 
need  for  a  comprehensive  total  waste  management  strategy  that  considers 
environmental  protection  of  land  and  its  vital  water  and  food  resources  as 
well  as  that  of  the  ocean.  The  LDC-VIII  meeting  also  rejected  a  proposal  to 
expand  the  1 ist  of  prohibited  materials  to  include  lead  (Pb);  their  decision 
was  based  on  a  strong  US  position  documented  by  a  thorough  evaluation  of  the 
ecological  effects  of  lead  in  dredged  material,  sediments,  and  industrial 
wastes.  The  US  evaluation  demonstrated  that  a  total  prohibition  of  lead  dis¬ 
posal  was  unnecessary  and  that  lead-contaminated  wastes  could  be  adequately 
handled  through  other  provisions  of  the  LDC.  A  very  divisive  and  still 
unresolved  issue  discussed  at  the  seventh  and  eighth  LDC  is  the  possible  pro¬ 
hibition  of  all  materials  containing  low  level  radioactive  materials  and 
wastes.  This  could  be  construed  to  include  some  dredged  material.  It  is  the 
current  US  position  that  dredged  material  is  nonradioactive  for  the  purposes 
of  regulation.  The  radioactive  material  issue  will  be  resolved  at  LDC-IX  in 
September  1985. 

The  ninth  meeting  of  the  LDC  (LDC-IX)  in  conjunction  with  the  eighth 
meeting  of  the  Scientific  Group  (SG-VIII)  made  decisions  on  a  number  of  issues 
significant  to  dredging  and  dredged  material  disposal.  Criteria  for  allocat¬ 
ing  toxic  substances  to  the  Annexes  or  even  removing  existing  substances  from 
the  Annexes  were  adopted  unanimously  by  LDC-IX.  These  criteria  now  form  a 
sound  scientific  and  technical  basis  for  designating  which  substances  need 
stringent,  moderate,  or  minimal  regulation  with  regard  to  ocean  disposal.  It 
was  determined  at  LDC-VIII,  IX,  and  SG-VIII  that  the  Guidelines  for  Implement¬ 
ing  Annex  III  were  inappropriate  for  dredged  material  and  in  many  cases  tended 
to  unnecessarily  overregulate  dredged  material.  Additionally,  several 
technical/regulatory  terms  remain  undefined  that  could  if  adequately  defined 
lead  to  a  less  complex  and  fractured  regulatory  scheme.  Consequently,  the 
SG-VIII  recommended  and  the  LDC-IX  approved  an  intersessional  meeting  of  LDC 
experts  in  dredged  material  disposal  to  develop  specific  Guidelines  for  Imple¬ 
menting  Annexes  I,  II,  and  III  for  dredged  material.  This  group  will  also 
attempt  to  define  terms  such  as  "rapidly  rendered  harmless"  and  "special 
care . " 

The  LDC-IX  also  approved,  by  roll  call  vote,  a  resolution  calling  for  the 
suspension  of  ocean  disposal  of  low  level  radioactive  waste  (LLRW) .  The 
resolution  is  one  of  principle  and  is  not  binding  on  the  Contracting  Parties 
to  the  LDC.  It  is  important  to  note  that  the  vote  was  based  on  almost  purely 
political  reasons  rather  than  on  a  scientific  and  technical  basis  as  is  called 
for  in  the  articles  of  the  Convention.  A  proposal  to  amend  the  Annexes  to  ban 
ocean  disposal  of  LLRW  was  tabled  for  some  future  action.  LDC-IX  action  on 
seabed  emplacement  of  high  level  radioactive  waste  was  delayed  until  l.DC-X. 
Intersessional  groups  meeting  prior  to  LDC-X  will  discuss  disposal  of  persis¬ 
tent  plastics,  ropes,  netting,  etc.,  with  a  view  of  proper  regulation  and 
incineration  at  sea. 

The  Intersessional  group  of  LDC  dredging  experts  met  in  London  28-31 
October  1985.  The  experts  group  agreed  that  specific  guidelines  for  applying 
all  technical  aspects  of  the  LDC  were  necessary.  Consequently,  the  group 


developed  and  recommended  for  adoption  bv  the  LDC  Scientific  Group  and  subse¬ 
quently  to  the  Consultative  Body  "Guidelines  for  the  Application  of  the 
Annexes  to  the  Disposal  of  Dredged  Material."  These  are  "stand  aione”  guide¬ 
lines  that  incorporate  previous  LDC  Annex  guidance,  modified  as  appropriate 
for  dredged  material,  and  present  a  new  section  entitled  "Disposal  Management 
Techniques."  All  previous  LDC  Annex  guidance  will  have  dredged  material 
references  delected.  The  "new"  Guidelines  have  exemptions  and  exclusions 
appropriate  to  dredged  material  and  discuss  the  acceptability  of  sea  disposal 
in  relation  to  techniques  to  mitigate  effects  of  highly  contaminated  material. 
The  "new"  Guidelines  present  a  complete  and  holistic  approach  at  managing  the 
disposal  of  dredged  material  in  conformity  with  Annexes  I,  II,  and  III  of  the 
LDC.  Moreover,  the  "new"  Guidelines  recognize  various  disposal  management 
techniques  that  may  be  used  to  incorporate  the  "rapidly  rendered  harmless"  and 
"special  care"  terms  into  a  disposal  management  strategy.  These  disposal 
management  techniques  are  considered  to  be  any  actions  or  processes  by  which 
conformity  with  the  LDC  and  the  Annexes  is  achieved. 

Future  meetings  of  the  LDC  include  the  Scientific  Group  Meeting  in  April 
1986  and  the  main  consultative  body  in  September  1986.  Issues  affecting 
dredged  material  at  the  SG-IX  include  (1)  review  of  Annexes  with  regard  to 
cadmium  and  lead,  (2)  sea  disposal  of  dredged  material,  (3)  clarification  oi 
undefined  terms  in  Allocation  Criteria,  (4)  field  verification  of  predictive 
laboratory  tests,  and  (5)  review  of  comparative  assessments  between  sea  dis¬ 
posal  and  land-based  alternatives.  LDC-1X  will  address  the  findings  of  SG-IX 
and  seabed  emplacement  of  high  level  radioactive  waste  issues.  Numerous  other 
nondredging  issues  will  be  addressed.  Because  of  the  significant  importance 
of  the  LDC  to  navigation  and  ocean  disposal  of  dredged  material,  the  Corps 
will  continue  to  maintain  an  active  participation  and  leadership  role  in  all 
domestic  and  international  aspects  of  the  LDC  with  regard  to  policy  and  tech¬ 
nical  issues.  Corps  participation  includes  numerous  interagency  scientific 
and  technical  working  groups  and  committees  as  well  as  State  Department 
directed  ocean  policy  groups.  Continued  Corps  participation  at  these  levels 
will  ensure  that  current  research  on  dredged  material  and  the  Corps'  vast 
experience  in  managing  dredged  material  disposal  are  integral  to  the  ultimate 
direction  of  the  LDC. 

FUTURE  STRATEGY 

In  closing,  there  is  a  critical  need  to  develop  a  more  integrated 
approach  internationally  and,  more  importantly,  domestically  to  uses  of  the 
ocean  in  general,  and  to  waste  disposal  in  particular.  Demands  on  the  ocean 
from  multiple  sources  (defense,  fisheries,  marine  mining,  waste  disposal, 
etc.)  have  increased  significantly  in  recent  years  with  a  corresponding  in¬ 
crease  in  conflicts  between  specific  user  groups.  At  present,  regulation  of 
ocean  uses  is  typically  along  generic  lines,  in  some  cases  to  the  exclusion  of 
other  potential  users  of  the  ocean  environment. 

In  regards  to  dredged  material  disposal,  the  present  domestic  approach  to 
this  disposal  is  medium-by-medium  regulation.  This  approach  results  in  the 
protection  of  a  particular  medium  for  its  use  in  waste  disposal  without  regard 
for  the  impact  of  these  regulations  on  other  disposal  media.  Available 
research  clearly  indicates  that  no  disposal  alternative  or  media  is  withou^ 
some  form  ot  environmental  constraint,  nor  does  any  one  disposal  alternative 
or  media  reflect  the  best  management  practice  or  offer  the  soundest 
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environmental  protection.  It  would  seem  far  more  appropriate  to  develop 
criteria  and  guidelines  that  regulate  the  waste  and  not  the  medium  to  ensure 
that  all  disposal  alternatives  are  fully  investigated  and  weighed  during  the 
planning  process  and  treated  on  an  equal  basis.  It  is  imperative  that  a  final 
decision  be  made  based  on  all  available  facts.  The  LDC  is  moving  in  this 
direction,  although  somewhat  laboriously,  and  the  l'S  must  continue  to  maintain 
a  leadership  role  in  this  area. 
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ABSTRACT 

The  canal  beds  around  the  Tokyo  port  are  covered 
with  thick  oozy  sediments  including  floating  sedi¬ 
ments.  These  sediments  often  cause  not  only  traffic 
problems  but  also  environmental  problems.  In  order  to 
remove  the  sediments,  a  dredging  project  has  been  con¬ 
ducted.  In  order  to  perform  the  project  effectively, 
observations  and  analyses  were  carried  out  to  identify 
sediment  characteristics,  sediment  sources,  sediment 
supply,  and  sedimentation  rates. 

The  thickness  of  oozy  sediments  ranged  from  60  to 
80  cm,  and  the  color  of  the  sediments  was  black  due  to 
the  highly  unaerobic  conditions.  The  characteristic 
values  of  bottom  sediments,  the  water  content,  the 
ignition  loss  and  chemical  oxygen  demand,  were  about 
200  percent,  10  percent,  and  40  mg/g,  respectively. 
These  values  indicate  that  the  sediments  contain  a  lot 
of  organic  substances. 

To  estimate  the  rate  of  sedimentations,  samples 
were  collected  in  two  ways,  short-term  (1  day)  collec¬ 
tions  and  long-term  (3  years)  collections.  The  former 
method  gave  a  considerably  high  rate  of  about  20  cm/ 
yjar,  and  the  latter  gave  a  lower  rate  of  1.5  cm/year. 
However,  direct  observations  of  the  sedimentation  rate 
provided  a  range  of  1.6  to  11.4  cm/year. 

The  major  sources  of  the  sediment  are  rivers 
(48  percent  of  the  total  load  to  the  canals),  phyto¬ 
plankton  productions  (37  percent),  and  sewerage  plants 
( 1 5  percent) . 


INTRODUCTION 

As  shown  in  Figure  1,  the  Tokyo  port  is  located  at  the  bottom  of  Tokyo 
Bay  and  is  the  harbor  at  the  estuary  of  the  River  Sumidagawa.  It  has  played 
an  important  role  as  an  import  and  export  base  for  goods  to  support  industrial 
activities  and  civil  life  for  the  past  ^00  years. 
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Figure  1.  Location  of  Tokyo  Bay 

Today,  Tokyo  port  is  a  gateway  for  the  metropolitan  area  of  Tokyo,  as 
well  as  for  the  eastern  region  of  Japan.  In  addition,  it  has  occupied  a 
position  as  an  international  trading  harbour  which  represents  Japan. 

Canals  in  the  Tokyo  port  are  located  at  the  boundary  between  the  existing 
town  zone  and  the  harbor.  Most  of  these  canals  are  artificial  and  were  con¬ 
structed  in  the  process  of  "reclamation"  accompanying  the  enhancement  of  har¬ 
bour  facilities.  The  total  length  of  the  canals  is  about  55  km,  the  width 
ranges  from  30  to  200  m,  the  depth  from  2.0  to  4.0  m,  and  the  total  area  about 
600  ha.  Warehouses  and  shops  which  need  canal  facilities  are  built  among  the 
canals,  and  these  places  use  lighters.  Small  vessels  such  as  fishing  boats, 
passenger  boats,  and  governmental  boats  are  also  moored  here.  In  addition,  a 
monorailroad,  highways,  sewerage  treatment  plants,  seawalls,  marine  parks, 
business  offices,  and  mansions  are  built;  the  canals  are  utilized  for  many 
different  purposes. 

The  chemical  oxygen  demand  (COD)  value,  which  is  used  to  reveal  the  con¬ 
dition  of  the  aqueous  environment  around  the  Tokyo  port  (the  reference  value 
is  below  8  ppm),  had  been  lowered  until  1980  through  encouragement  of  various 
environmental  integrity  actions,  and  thus  water  quality  had  been  improved.  In 
1981,  however,  the  COD  value  began  to  increase.  Since  that  time,  particularly 
in  summer,  the  value  often  exceeds  the  reference  value  for  water  environment. 


A  major  cause  of  the  increased  COD  value  is  organic  sediments  on  the 
canal  beds.  Such  sediments  cause  deterioration  of  the  water  quality,  produc¬ 
ing  offensive  odors,  making  people  uncomfortable,  and  significantly  lowering 
their  living  environment.  To  eliminate  these  problems,  since  1972  the  Tokyo 
Metropolitan  Government  has  been  engaged  in  gradually  removing  the  sediments 
from  the  canal  over  a  total  length  of  about  40  km  and  a  total  area  of  about 
370  ha.  This  has  resulted  in  considerable  improvement  of  the  environment 
including  prevention  of  offensive  odors.  However,  because  of  the  placement  of 
the  canals  and  the  existing  sediment/water  conditions,  new  sediment  buildup  is 
occurring. 

This  paper  introduces  services  performed  in  the  Tokyo  port  for  integrity 
of  the  aqueous  environment,  as  well  as  summarizes  results  of  the  site  survey 
performed  since  1979  on  properties  of  sediments,  sedimentation  rates,  sources 
of  the  sediments,  and  sediment  supply  to  the  canals  in  order  to  encourage 
sediment  removal. 

OVERVIEW  OF  SERVICES 

Our  bureau  is  currently  engaged  in  the  following  services  in  berths,  sea 
passages,  and  canals  to  maintain  integrity  of  the  aqueous  environment  in  the 
Tokyo  port. 

a.  Sea  surface  monitoring.  The  port  is  always  monitored  by  five  patrol 
boats  to  prevent  illegal  disposal  of  soil,  dust,  and  waste  oil  and  to 
inform  the  agency  of  such  illegal  disposal. 

b.  Collection  of  waste  oil  from  vessels.  To  prevent  oil  pollution  of 
the  port,  waste  oil  is  collected  from  the  incoming  vessels  by  oil 
collecting  boats. 

£.  Prevention  of  oil  diffusion.  Seven  oil  treatment  boats  equipped  with 
oil  fences  are  available. 


Sea  surface  cleaning. 
ing  dust  in  the  port. 


Seven  cleaning  boats  collect  and  treat  float- 


e.  Treatment  of  sunken  wood  and  bark.  The  circulation  of  logs  handled 
on  the  sea  may  produce  sunken  wood  and  bark.  To  prevent  these  from 
being  sedimented  on  the  sea  bottom  and  from  adversely  affecting  the 
water  quality,  the  bark  is  treated  through  self-propulsive  incinera¬ 
tion  boats  and  an  on-land  recycle  center,  by  contractors. 

f.  Treatment  of  sunken  and  scrapped  vessels.  Sunken  and  scrapped 
vessels  left  in  the  port  are  obstacles  to  vehicle  passage  and 
adversely  affect  the  water  quality,  and  are  therefore  taken  to  a 
disposal  area  for  incineration,  etc. 

g.  Removal  of  sediments  at  canals.  Services  are  being  performed  to 
remove  sediments  in  the  port,  particularly  in  the  canals: 
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(1)  Plan:  pollution  prevention  project  in  the  Tokyo  metropolitan 
area  (determined  in  December  1972  and  revised  for  the  third  time 
in  March  1983) . 

(2)  Performed  in:  1972  to  1986. 

(3)  Amount  of  sediment  planned  to  be  removed:  about  3.1  million 
cubic  metres. 

(4)  Amount  of  sediments  actually  removed:  about  2.6  million  m  (1972 
to  1984). 

(5)  Sediment  removal  standard:  six-point  estimation  method  (tenta¬ 
tive  standard).  Ignition  loss,  COD,  and  sulfides  are  measured. 
If  any  or  the  total  of  these  values  exceeds  a  predetermined 
range,  the  sediments  are  to  be  removed. 

(6)  Method:  Dredging:  Pump  type  dredging  boat,  sealed  type  grab 
dredging  boat;  transportation:  Sealed  type  (box  type)  soil 
transportation  boat,  bottom  opening  type  soil  transportation 
boat;  disposal  to  treatment  plant:  Pump  type  sediment  raising 
method,  secondary  sediment  feeding  method. 

DISCUSSION 

Characteristics  of  Bottom  Sediments 
Stratification  of  Sediments 

Sediments  were  sampled  at  station  B-l  through  B-5  as  shown  in  Figure  2. 
Over  the  entire  canal,  the  thickness  of  the  sampled  sediments  was  about  60  to 
80  cm,  while  the  thickness  of  sediments  sampled  at  the  Koto  district  was  40  to 
70  cm.  The  thickness  was  lower  here,  indicating  obvious  layer  divisions  not 
observed  at  the  other  stations. 

Irrespective  of  the  sampling  point,  the  color  of  sediments  was  black; 
this  indicates  that  sediments  in  the  shallow  sea  are  significantly  organically 
polluted.  The  sediments  are  black  due  to  a  combination  of  Fe2  with  hydrogen 
sulfides  formed  by  decreased  oxidation-reduction  potential. 

Except  for  Shibaura  (St.  B-2)  ,  gray-green  to  dark-gray  layers  3  cm  thick 
were  observed  at  the  surface  section.  The  layers  seem  to  have  been  produced 
in  winter  because  water  masses  were  mixed  and  thus  bottom  water  became 
aerobic . 

Characteristics  of  Sediments 

Table  1  shows  the  results  of  analyzing  the  sediments  discussed  above.  A 
distinct  odor  indicated  the  presence  of  hydrogen  sulfides  at  all  stations  ex¬ 
cept  Harumi  (St.  B-3) .  Water  content  ratio  was  not  less  than  about  200  per¬ 
cent  at  all  stations  except  Koto  (St.  B-4) .  Wet  density  was  not  greater  than 
about  1.3  g/cm3,  ignition  loss,  COD,  and  total  organic  carbon  (TOC)  as  indices 
of  organic  pollution  were  over  10  percent,  40  mg/g,  and  20  mg/g,  respectively, 
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TABLE  1.  VERTICAL  CHANGES  OF  SEDIMENT  CHARACTERISTICS 


Items 


Sediment 
Classif ication 


Station 

B-3 


Odor 

A* * 

None 

None 

None 

Hydrogen 

sulfide 

Hydrogen 

sulfide 

B** 

Hydrogen 

sulfide 

Hydrogen 

sulfide 

None 

None 

None 

ct 

None 

Hydrogen 

sulfide 

None 

None 

None 

Water 

A 

184 

720 

215 

283 

232 

content , 

B 

251 

625 

178 

108 

199 

percent 

C 

140 

502 

154 

80.8 

253 

Wet 

A 

1.27 

1.06 

1.23 

1.17 

1.22 

density , 

B 

1.20 

1.07 

1.27 

1.43 

1.24 

g/cm3 

C 

1.35 

1.08 

1.31 

1.56 

1.19 

Ignition 

A 

11.2 

30.8 

13.0 

13.6 

11.1 

loss , 

B 

14.1 

31.7 

13.0 

7.2 

12.1 

percent 

C 

9.7 

30.4 

12.1 

5.9 

15.5 

COD, 

A 

38.8 

125 

50.0 

43.7 

49.1 

mg/g  dry 

B 

54.5 

114 

51.6 

16.6 

55.7 

C 

32.7 

119 

40.4 

14.0 

71.0 

TOC, 

A 

26.3 

104 

30.2 

21.8 

21.8 

mg/g  dry 

B 

35.7 

113 

30.3 

15.3 

24.7 

C 

18.6 

101 

26.5 

12.2 

37.7 

Sulfide , 

A 

8.57 

9.90 

3.18 

4.80 

2.85 

mg/g  dry 

B 

2.17 

8.30 

6.41 

0.57 

3.93 

Sampling  period:  December  1979. 

*  Very  high  water  content  sediment,  partially  oxidized  layer,  found  in  top 
3-cm  layer. 

**  High  water  content  and  reduced  sediment, 
t  Low  water  content  sediment. 


each  indicating  high  values  and  revealing  the  progression  of  organic  pollution 
in  the  sediments  in  the  canal.  Sulfates  showed  a  high-value  of  about  3  mg/g 
(dry  sediments)  except  for  Koto;  the  black  sediments  may  be  due  to  sulfides. 

The  sediment  analyses  showed  that  the  water  content  ratio  of  the  sedi¬ 
ments  sampled  in  Shibaura  (St.  B-2)  was  high  (500  to  700  percent),  the  index 
of  organic  matter  was  high,  and  the  sediment  was  polluted  organically.  The 
canal  of  Shibaura  is  located  inland  and  is  narrow;  the  organic  matter  produced 
here  or  discharged  from  the  sewerage  treatment  plants  will  probably  settle  in 
the  canal. 

Characteristics  of 

Sediments  and  Sedimentation  Rate 

Qualitative  and  quantitative  measurements  have  been  made  both  daily  and 
annually  of  the  canal  bed  sediments. 

Short-Term  Measurement 
Using  Polyethylene  Bottles 

One-liter  polyethylene  bottles  as  shown  in  Figure  3  were  installed  1  m 
above  the  canal  bed  to  sample  material  sedimented  for  1  day.  Table  2  shows 
the  results  of  this  sampling.  The  amounts  of  material  were  high  in  Keihin 
(St.  B-l)  and  Sunamachi  (St.  B-5) ,  and  low  in  Koto  (St.  B-4)  and  Sunamachi 
(St.  M-2) .  A  comparison  of  these  values  was  made  with  values  observed  in 
Funka  Bay  from  summer  to  fall  (Handa  and  Tagami  1981),  in  Tokyo  Bay  during  a 
red  tide  (Sato  1977),  and  in  Kizaki  Lake  (Koyama  1980).  This  comparison 
showed  that  the  same  amount,  or  more  material  settled  during  the  red  tide  in 
Tokyo  Bay  as  in  the  canals  of  Tokyo  Bay,  depending  on  the  measuring  point. 

Table  3  shows  the  sedimentation  rate  calculated  from  the  amount  of 
material  sampled  using  the  polyethylene  bottles. 


Figure  3.  Sediment  trap  and  mooring  method 
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Period  of 
Sampling 


December  1979 
January  1980 


Station 


*  The  value  in  parentheses  seems  to  be  influenced  by  ship  propellers 


TABLE  3.  BOTTOM  SEDIMENTATION  RATE  (cm/year)  ESTIMATED 
FROM  THE  AMOUNT  OF  MATERIAL  COLLECTED 


Period  of 
Sampling 


December  1979 
January  1980 


_ Stat ion 

B-3  B- 


19.7  35.0 


26.6  45.2 


*  The  rate  of  sedimentation  is  calculated  by  the  following  equation: 


,  1  100  +  w  „ , 

h  * s  %  -  —m~  * 365 


where 


h  =  Bottom  sedimentation  rate,  cm/year 
s  =  Collected  amount,  g/cm2/day 
p  =  Wet  density,  g/cm3 
w  =  Water  content,  percent 

The  value  of  p  and  w  were  shown  in  Table  1  (very 
high  water  content  sediment) . 


The  calculated  rates  of  sedimentation  are  considerably  higher  than  both 
the  results  of  the  previous  survey  and  the  direct  measurement  in  this  survey. 
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Long-Term  Measurement 
Using  Canvas  Buckets 


As  shown  in  Figure  4,  12  buckets  were  placed  immediately  above  the  canal 
beds  to  collect  material.  These  buckets  were  retrieved  one  by  one  at  3-month 
intervals  from  1979  to  1981. 


J2. 


Steal  bar 
s  topper 

I  Dmm  0 


Sediment  trap 
(Canvas  bucket) 


Subsurface  buoy 
Anchor 


(1)  Placing 


Canvas  bucket 


8ottom  j 
surfoce  j 

mmnmh 


bmviu'jini)/,!;!  (2)  Retrieving 


Figure  4.  Sediment  trap  and  placement  method 

Table  4  shows  the  sedimentation  rates  estimated  from  the  water  content 
ratios,  wet  densities,  and  amounts  of  material  measured  at  stations  in  the 
Koto  District. 


TABLE  4.  CHARACTERISTICS  OF  SEDIMENTS  COLLECTED  BY  THE  LONG-TERM 
TRAPPING  EXPERIMENT  AND  SEDIMENTATION  RATES  DERIVED 


Station  (Koto  District) 


Item 


B-5 


M-l 


M-2 


Water  content, 
percent 


296 


159 


237 


Wet  density, 
g/cm3 


1.17 


1.25 


1.19 


Collected  amount, 
g/m2/day 


15.5 


18.7 


15.5 


Sedimentation , 
rate,  cm/year 


1.9 


1.4 


1.6 


Trapping  period:  December  1979-December  1981 


The  values  of  ignition  loss,  COD,  and  TOC  as  indices  of  organic  matter 
tend  to  decrease  as  the  sampling  period  becomes  longer.  Characteristics  of 
sedimentations  collected  in  an  earlier  period  were  similar  to  those  of  suspen¬ 
sions  in  the  water.  On  the  other  hand,  settlings  collected  later  were  similar 
to  bottom  sediments. 

Direct  Measurement 
of  Sedimentation  Rate 

In  general,  the  rate  of  sedimentation  is  measured  using  radioactive 

nuclides  including  ^C  and  ^^Pb  as  the  tracers  (Matsumoto  1975).  Lately, 
organic  chlorides  such  as  PCB  stable  in  the  atmosphere  have  also  been  used  as 
tracers  (Aizawa  1975).  However,  methods  using  tracers  can  be  applied  only  to 
seabeds  with  very  slow  bottom  flow  and  are  not  adapted  to  the  water  areas, 
like  the  canals  of  interest,  with  violent  agitations  caused  by  dredging  and 
floods.  In  our  case,  stainless  steel  reference  plates  were  placed  about  10  cm 
below  the  canal  bed,  as  shown  in  Figure  5,  and  the  rate  of  sedimentation  was 
determined  on  the  basis  of  the  plates  from  aging  of  the  thickness  of 
sedimentations . 


(1)  Structure  (2)  Placement 


Figure  5.  The  measuring  method  of  sediment  thickness 
using  a  stainless  steel  plate 

Since  the  canal  waters  were  highly  turbid  and  dark,  it  was  difficult  to 
directly  measure  the  thickness  of  sedimentation  on  the  plate.  Divers  sampled 
sedimentation  at  three  positions  on  the  reference  plates  using  three  acrylic 
transparent  tubes  (having  an  inside  diameter  of  3  to  5  cm),  and  their  thick¬ 
ness  was  measured  on  a  boat.  Figure  6  shows  the  changes  with  time  of  the 
thickness  of  the  sedimentation,  wherein  the  maximum  value  of  the  thickness  is 
regarded  as  the  actual  thickness  of  sedimentation.  The  sedimentation  rates 
determined  from  the  3-year-long  experiment  were  1.6  to  11.4  cm  a  year.  The 
rate  of  sedimentation,  which  is  affected  by  the  local  characteristics  of  each 
canal,  is  considerably  different  depending  on  the  measuring  point. 
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Figure  6.  Changes  with  time  of  sediment 

thickness  on  the  plate  of  stain¬ 
less  steel  (Shibaura  District) 

Comparison  of  Methods  to 
Determine  Sedimentation  Rates 

Table  5  shows  the  values  determined  from  the  three  measuring  methods: 
stainless  steel  plate,  canvas  bucket,  and  polyethylene  bottle. 


TABLE  5.  COMPARISON  OF  BOTTOM  SEDIMENTATION  RATES  (cm/year) 
OBTAINED  FROM  THE  THREE  METHODS* 


Station 


bottle 


*  Observation  period:  August  1980-August  1981 


B-l 

M-4 

M-5 

M-6 

B-3 

B-4 

B-5 

M-l 

M-2 

Method 

(B-2) 

Remarks 

Stainless 

__ 

3.6 

11.4 

1.6 

_ _ 

_ 

3.8* 

__ 

_ _ 

Observed 

i 

steel  plate 

Canvas 

— 

— 

— 

— 

— 

— 

1.9 

1.4 

1.6 

Calculated 

m 

bucke  t 

33 

'.v.' 

Polyethylene 

23.2 

— 

— 

40.  1 

27.7 

4.2 

26.7 

12.6 

6.2 

Calculated 

& 

.  .* 

>V  , 
r  *.  %■  • . 

MV*- 


<4  '•  '  •  *  • 


•.A  *-.v  *. 
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From  Table  5  it  can  be  seen  that: 


a.  The  rate  of  sedimentation  measured  at  the  same  measuring  point  is 
significantly  different  depending  on  the  measuring  method.  The  rate 
of  sedimentation  measured  using  the  stainless  steel  plate  is  1.6  to 
11.4  cm  a  year . 

b.  The  rate  of  sedimentation  calculated  from  the  value  measured  using 
the  polyethylene  bottles  is  4.2  to  40.1  cm  a  year,  which  is  about 
three  to  four  times  higher  than  the  results  of  the  direct  measure¬ 
ment.  The  former  seems  to  ignore  decomposition  of  organic  matters 
and  resulting  consolidation  of  the  sediments. 

c.  The  rate  of  sedimentation  calculated  from  the  value  measured  using 
the  canvas  buckets  is  1.4  to  1.9  cm  a  year.  This  value,  as  it  has 
been  determined  from  data  obtained  over  an  observation  period  of 

2  years,  is  near  the  value  corresponding  to  the  actual  rate  of 
sedimentation. 

Sedimentation  Rate  Determined 

from  Previous  Water  Depth  Measurement 

For  comparison,  the  sedimentation  rate  was  determined  by  water  depth 
measurement  performed  in  1979  and  1982.  According  f  this  depth  measurement, 
the  rate  of  sedimentation  around  Showa  Jima,  where  <;  Morigasaki  sewerage 
treatment  plant  is  located,  was  13  to  17  cm  a  year. 

In  the  water  area  round  the  Shibaura  District,  which  is  almost  enclosed 
and  which  receives  disposal  water  from  the  Shibaura  sewerage  treatment  plant, 
the  rate  of  sedimentation  was  4  to  10  cm  a  year.  Before  1978,  a  high  rate  of 
sedimentation  of  32  cm  a  year  had  been  estimated  at  a  Shinshiba  canal. 

At  Toyosu,  Harumi,  and  Asashio  canals  located  at  the  estuary  of  the  River 
Sumidagawa,  the  rate  of  sedimentation  was  16  to  23  cm  a  year.  In  Koto  and 
Sunamachi  Districts,  the  rate  of  sedimentation  at  Shiohama,  Shiomi,  and 
Shinonome-Kita  canals  was  0.7  to  14  cm  a  year. 

This  comparison  of  sedimentation  rate  indicates  few  differences  between 
our  value  and  the  value  based  on  water  depth  measurement. 

Sources  of  Sediments  and  Their  Supply 

The  thickness  of  sediments  on  the  seabed  is  increased  by  suspended  solids 
(SS)  (hereinafter  referred  to  as  settlings)  existing  into  the  water  and  pro¬ 
duced  within  the  water.  There  are  three  major  sources  of  sediments:  dis¬ 
charged  from  sewerage  plants,  river  runoff,  and  phytoplankton  production  in 
the  water.  These  three  factors  are  discussed  below  along  with  the  sources  of 
material  by  water  area. 

Sewerage  Treatment  Plant 

In  the  canals  of  the  Tokyo  port,  there  are  three  sewerage  treatment 
plants:  Morigasaki,  Shibaura,  and  Sunamachi.  The  amount  of  material 


discharged  from  the  sewerage  treatment  plants  has  decreased  from  4,700  tons  a 
year  in  1980.  However,  BOD  loads  to  the  sewerage  treatment  plants  and  the 
amount  of  treatment  water  have  not  changed. 

The  sewerage  plants  treat  both  the  public  sewerage  and  the  drainage  basin 
sewerage.  This  means  that  when  a  large  amount  of  rainwater  flows  into  the 
plants,  the  untreated  sewerage  is  discharged  directly  to  the  canal. 

The  amount  of  material  produced  due  to  overflow  from  the  sewerage  treat¬ 
ment  plant  into  the  canal  must  be  identified.  According  to  preliminary  stud¬ 
ies  of  the  untreated  loads  and  studies  done  in  the  United  States,  the  SS  loads 
are  about  15  times  as  high  as  the  treatment  water  (Hoshikuma  1982).  Hence, 
the  amount  of  settlings  originating  from  the  sewerage  plants  and  discharged 
into  the  canal  has  been  estimated  to  be  about  80,000  tons  a  year. 

River  Runoff 

Six  rivers,  Sumidagawa,  Furukawa,  Megurogawa,  Tachiaigawa,  Uchikawa,  and 
Shin'nomikawa,  flow  into  the  canal  sections  of  the  Tokyo  port.  In  contrast  to 
a  large  river,  the  small  river  with  a  short  length  and  small  basin  is  charac¬ 
terized  by  sudden  increases  in  discharge  and  wide  variations  in  discharge. 

The  discharge  during  rainfalls  is  much  greater  than  the  discharge  during  sunny 
weather;  in  particular,  the  discharge  during  a  heavy  rainfall  is  greater  by 
several  orders  of  magnitude.  This  also  applies  to  the  rivers  which  flow  into 
the  canals  in  the  Tokyo  port;  while  the  amount  of  material  which  flows  from 
rivers  into  the  canals  during  a  heavy  rainfall  seems  to  occupy  a  great  propor¬ 
tion  of  the  overall  material,  no  data  have  been  obtained  which  indicate  a  cor¬ 
relation  between  discharge  during  a  heavy  rainfall  and  change  in  water 
quality. 

A  report  about  characteristics  of  SS-loaded  discharge  during  a  heavy 
rainfall  measured  at  Yabata  River  (which  is  located  at  a  crowded  place  in 
Toshima  Ward)  reveals  that  the  SS  load  is  proportional  to  the  square  of  the 
discharge  (Yamaguchi  1977).  The  amount  of  material  carried  by  the  rivers  into 
the  canals  has  been  estimated  to  be  about  250,000  tons  per  year  on  the  basis 
of  the  above  report,  85  percent  of  the  amount  resulting  from  heavy  rainfalls. 

The  amount  of  sediments  on  the  river  beds  flowing  into  the  canal  was 
estimated  to  be  about  600,000  cu  m  by  our  survey;  some  part  of  these  sediments 
flow  into  the  canal  during  heavy  rainfalls. 

Phytoplankton  Production 

Eutrophication  of  the  water  leads  to  a  large  phytoplankton  production  and 
seems  to  result  in  shallowing  the  canals.  Red  tides  (abnormally  high  produc¬ 
tion  of  phytoplankton)  occur  every  year  in  Tokyo  Bay,  which  includes  the  Tokyo 
port.  To  what  extent  the  plankton  productions  contribute  to  the  shallowing 
needs  to  be  investigated.  To  estimate  potential  settlings  due  to  plankton 
production,  observations  were  made  in  1981  at  the  eight  stations  shown  in 
Figure  2. 

Measurement  of  daily  phytoplankton  production  using  an  in  situ  bottle 
method  has  shown  relatively  high  values  in  summer  in  some  canals  and  passages 
and  very  low  values  in  winter  at  every  measuring  point  relative  to  summer. 


From  the  results  of  surveying  the  amount  of  phytoplankton  production,  the 
amount  of  production  per  unit  area  was  calculated,  which  was  then  multiplied 
by  the  water  area  of  the  Tokyo  port  to  determine  the  amount  of  produced  or¬ 
ganic  carbons  over  the  entire  area.  The  amount  of  phytoplankton  production 
has  been  converted  from  the  amount  of  produced  organic  carbons  by  regarding 
their  chemical  composition  as  following  the  Redfield's  model. 

Thus,  the  amount  of  produced  organic  carbons  in  the  Tokyo  port  originat¬ 
ing  in  phytoplankton  has  been  estimated  to  be  about  50,000  tons  a  year,  and 
the  SS  amount  becoming  settlings  on  the  bed  at  about  190,000  tons. 

Then,  for  the  canal,  unsteady  phytoplankton  production  during  a  red  tide, 
etc.,  must  be  examined.  The  amount  of  net  production  during  red  tides  in 
Tokyo  Bay  has  been  estimated  to  be  12  to  57  g  02/m2/day.  Thus,  by  applying 
the  above-mentioned  calculation,  the  amount  of  material  settling  due  to  phyto¬ 
plankton  in  1979  (during  which  a  red  tide  occurred  frequently)  has  been  esti¬ 
mated  at  about  270,000  tons,  which  is  about  twice  as  many  as  that  in  1977 
(during  which  fewer  red  tides  occurred). 

Sources  of  Settlings  by  Water  Area 

Figure  7  shows  the  relationships  between  TOC  and  chlorophyll  contained  in 
the  sediments. 


Canals  in  Shibaura  District 


Chlorophy  ll-o  +  Pheophytin  ,'g) 


Figure  7.  Relationship  between  TOC  and  photo¬ 
synthetic  pigments  in  the  bottom  sedi¬ 
ments  and  their  changes  with  region 

The  relationship,  by  water  area,  between  chlorophyll  and  TOC  in  the  sedi¬ 
ments  has  shown  that  TOC  increases  at  a  certain  rate  with  the  increase  of 
chlorophyll,  although  the  ordinate  intersections  are  different  by  water  area. 
This  indicates  that  the  loads  ol  allochthonous  organic  matters  are  different 
depending  on  the  measuring  point  and  organic  carbons  originating  from 


phytoplanktons  loaded  on  the  sediments.  For  the  canal,  the  rate  of  contribu¬ 
tion  of  the  loads  is  different  by  water  area.  The  paragraphs  below  discuss 
the  sources  of  settled  material  by  water  area  estimated  from  positions  and 
water  quality. 

Around  Showa  Jima  in  the  Keihin  District,  where  the  Morigasaki  sewerage 
treatment  plant  is  located,  are  the  rivers  Ebitorigawa,  Shin'nomikawa,  and 
Uchikawa,  and  Ebitori  canal.  While  an  attempt  to  investigate  the  sources  of 
sediments  in  the  water  area  was  made,  the  contributions  of  the  rivers,  the 
sewerage  treatment  plant,  and  phytoplankton  production  could  not  be  identi¬ 
fied,  though  these  three  factors  must  contribute  to  sedimentations  in  a  com¬ 
plex  manner. 

The  water  area  in  the  Shibaura  District,  which  is  surrounded  by  Takahama, 
Shibaura,  and  Shin-shiba  canals,  is  highly  closed.  There  is  a  sewerage  treat¬ 
ment  plant  in  the  district  which  affects  sedimentations  significantly,  phyto¬ 
plankton  production  contributing  very  little  to  the  sediments.  The  water  area 
around  Ten'nosu  canal  is  affected  considerably  by  Megurogawa  River. 

The  water  area  around  Tsukishima  and  Harumi,  which  consists  of  Harumi  and 
Asashio  canals,  is  affected  significantly  by  the  River  Sumidagawa,  but  phyto¬ 
plankton  production  cannot  be  ignored. 

Shiomi,  Shiohama,  and  Shinonome-Kita  canals  in  the  Koto  District  are 
affected  significantly  by  phytoplankton  production.  Near  the  Sunamachi  canal, 
belonging  to  Sunamachi  District,  is  Sunamachi  sewerage  treatment  plant;  phyto¬ 
plankton  production  cannot  be  ignored,  but  estimating  the  material  settled  is 
difficult  since  the  water  flow  is  high. 

As  described  above,  the  source  of  the  sediments  differs  depending  on  the 
causes  and  places,  and  thus  cannot  be  discussed  together. 

Estimation  of  the  Amount  of 
Settlings  Applied  to  Tokyo  Port 

The  SSs  that  come  into  the  Tokyo  port  (inside  a  central  breakwater) 
including  canals,  berths,  and  passages  originate  from  sewerage  treatment 
plants,  incoming  rivers,  and  phytoplankton  production,  and  their  amount  varies 
significantly  between  steady  and  unsteady  (heavy  rainfall,  red  tide,  etc.) 
conditions.  A  rough  estimation  of  the  thickness  of  sediments  from  the  amount 
of  settlings  supplied  to  the  whole  Tokyo  port  leads  to  the  following  results: 

a.  520,000  tons  of  SS  are  sedimented  a  year  in  the  whole  Tokyo  port. 

b.  48  percent  of  these  originate  from  rivers;  they  are  carried  into  the 
port  particularly  during  heavy  rainfalls. 

c.  37  percent  of  the  SS  originate  from  phytoplankton  production;  this 
ratio  tends  to  increase  in  years  during  which  red  tides  occur 
frequently. 

d.  15  percent  of  the  SS  originate  from  sewerage  treatment  plants,  which 
affect  the  near  canals  significantly. 
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The  yearly  SS  have  been  converted  to  the  corresponding  volume,  which  has 
then  been  divided  by  the  water  area  of  the  whole  Tokyo  port  to  estimate  the 
mean  rate  of  sedimentation.  The  result  was  about  6  cm  a  year.  This  value 
closely  approximates  the  values  measured  by  the  stainless  steel  plate  method 
(1.6  to  11.4  cm,  mean  value  of  6.5  cm  a  year),  and  thus  seems  to  be  appro¬ 
priate.  The  mean  value  (about  6  cm  a  year)  is  based  on  an  assumption  that 
every  loaded  SS  has  been  sedimented  on  the  bed  of  the  whole  Tokyo  port.  As 
the  loaded  sources  contribute  differently  to  settlings  depending  on  the  water 
area,  applying  the  mean  value  directly  to  the  object  of  design  as  the  rate  of 
sedimentation  for  the  water  area  is  accompanied  by  a  number  of  problems  yet  to 
be  solved. 

CONCLUSIONS 


The  degradation  of  the  environment  in  closed  waters  such  as  canals  and 
inland  bays  is  caused  by  loads  from  lands  and  by  red  tides  occurring  in  the 
waters.  It  has  been  pointed  out  that  sediments  on  the  beds  of  the  rivers  and 
the  sea  significantly  affect  this  degradation.  The  effects  of  sediments  on 
the  water  area  include  offensive  odors,  rolled  up  dirt,  consumption  of  dis¬ 
solved  oxygen,  and  release  of  COD  components  and  nutrients. 


Based  on  this  background,  our  bureau  is  engaged  in  sediment  removal  to 
restore  the  aqueous  environment  of  the  canals.  Since  sediments  have  been  ob¬ 
served  to  resettle  after  removal,  our  bureau  performed  this  survey  to  under¬ 
stand  the  characteristics  of  sedimentation  in  the  canal  and  to  encourage 
sediment  removal. 


This  survey,  performed  for  the  first  time  in  Japan,  has  led  to  an  under¬ 
standing  of  the  characteristics  of  the  bottom  sediments  and  of  the  rate  of 
sedimentation,  and  to  the  identification  of  the  sources  of  the  sediments  and 
the  amounts.  However,  this  survey  revealed  that  the  sources  of  sediments  are 
different  for  different  canals;  conditions  such  as  heavy  rainfalls  and  red 
tides  produce  significant  effects;  and  it  is  difficult  to  quantitatively 
identify  settled  materials  and  sediments.  Investigations  will  continue  in 
order  to  solve  these  problems. 


While  this  survey  has  aimed  at  determining  the  amount  of  sedimentation, 
the  effects  of  sediments  on  water  quality  must  be  identified  quantitatively 
before  the  water  environment  of  the  canal  of  the  Tokyo  port  can  be  restored. 
A  survey  for  this  purpose  began  in  1983  and  will  end  in  1986. 


Through  understanding  sediments  both  qualitatively  and  quantitatively, 
our  bureau  aims  at  revising  the  current  tentative  removal  criteria  and  includ¬ 
ing  the  revised  criteria  in  the  next  pollution  prevention  plan  (prepared  in 
1987)  to  establish  a  commercial  entity  for  such  plan  implementation. 
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SUBMERGED  DISPOSAL  MOUNDS 


Edward  B.  Hands 

Coastal  Engineering  Research  Center 
US  Army  Engineer  Waterways  Experiment  Station 
PO  Box  631 

Vicksburg,  Mississippi  39180 


The  physical  fate  of  dredged  material  released  in  the  marine  environment 
often  is  of  vital  concern.  If  currents  spread  the  material  beyond  the  dis¬ 
posal  site,  problems  could  arise,  such  as  shoaling  of  adjacent  channels  or 
smothering  of  biological  resources.  In  other  instances  spreading  may  be 
desirable,  for  example,  to  increase  site  capacity,  nourish  adjacent  beaches, 
or  simply  return  the  material  to  the  natural  system  from  which  it  was 
captured . 

In  addition  to  site-specific  questions  regarding  sediment  migration,  it 
is  crucial  to  obtain  good  field  data  for  verification  and  calibration  of 
numerical  models  so  that  rates  and  directions  of  spreading  can  be  predicted 
for  various  conditions.  Such  predictive  ability  would  lead  to  design  criteria 
to  minimize  problems  and  maximize  beneficial  uses  of  dredged  material. 

Several  standard  geophysical  techniques  are  presently  available  to 
provide  needed  basic  field  data.  A  few  new  tools  offer  promising  potential  to 
augment  today's  techniques. 

Hydrographic  surveys  can  document  changes  in  the  shape  of  any  substantial 
sediment  accumulation.  Subbottom  seismic  reflections  can  reveal  subsidence  of 
the  foundation  beneath  the  accumulated  materials.  Side-scan  sonar  surveys 
record  the  surface  characteristics  across  wide  swaths  of  the  bottom,  and  can 
be  used  to  identify  and  map  edges  of  disposal  deposits  which  are  too  thin  to 
be  recognized  on  sounding  or  seismic  profiles.  Sediment  samples  allow  direct 
examination  that  may  include  sedimentary,  chemical,  or  microscopic  analysis  to 
confirm  subtle  distinctions  between  disposal  and  native  bottom  materials. 
Sediment  cores  provide  stratified  sequences  that  record  layer-by-layer  accumu¬ 
lation  and  compaction  within  the  deposit.  Cores  can  also  indicate  where  cur¬ 
rents  or  organisms  are  reworking  or  mixing  the  different  sediment  types. 

In  addition  to  these  surface-operated  techniques,  the  observations  of 
technically  trained  SCUBA  divers  greatly  increase  our  understanding  of  bottom 
characteristics  and  our  confidence  in  the  interpretation  of  more  expansive, 
remote  techniques.  Repeated  measurements  by  divers  of  the  bottom  elevation 
will  indicate  accretion  and  erosion  independent  of,  and  on  a  different  scale 
from,  that  captured  on  sounding  records. 

The  foregoing  techniques  use  readily  available  equipment.  New  technology 
offering  potential  for  monitoring  disposal  deposits  includes  (1)  swath  sound¬ 
ing  systems  that,  from  a  single  pass,  reveal  a  three-dimensional  picture  of 
the  bottom;  (2)  seabed  drifters  that  move  with  the  bottom  currents  and  indi¬ 
cate  where  moving  sediments  may  accumulate;  and  (3)  sediment  traps  that  can  be 
used  in  conjunction  with  current  meters  to  quantify  sediment  movement.  If  the 


disposal  depth  or  other  conditions  preclude  direct  observation  by  divers, 
remotely  controlled  television  or  photography  can  still  provide  a  view  of  the 
bottom.  A  newly  developed  camera  system  photographs  even  the  sediment-water 
interface  in  cross  section  using  a  lens  prism  that  penetrates  the  upper  few 
centimetres  of  sediment.  All  these  techniques  depend,  of  course,  on  good 
positioning. 

Incorporating  the  discussed  elements  in  an  efficient  monitoring  plan 
depends  on  familiarity  with  the  capability  and  requirements  of  each  element. 
Because  of  the  usual  demands  and  expense  of  working  at  sea  and  the  challenge 
of  distinguishing  native  from  disposed  material,  as  many  of  these  overlapping 
techniques  as  possible  should  be  incorporated  into  any  survey  plans.  Mobili¬ 
zation  and  boat  time  are  major  cost  items.  Thus,  multiple  element  surveys 
often  provide  not  only  the  best  insurance  of  success,  but  also  the  most 
cost-effective  approach  for  tracking  disposed  material. 


USE  OF  ANTI-TURBIDITY  CURTAINS  AT  A 
SAND  COMPACTION  PILING  AREA  IN  YOKOHAMA  HARBOUR 


Rin  Hatano,  Yasuo  Abe 

Japan  Bottom  Sediments  Management  Association 


ABSTRACT 

Sea  work,  such  as  dredging  and  sand  compaction 
piling,  causes  turbidity  in  the  surrounding  sea  area. 
To  prevent  diffusion  of  turbidity,  anti-turbidity 
curtains  are  generally  used  in  the  working  area.  In 
such  cases  it  is  important  to  know  how  the  curtains 
affect  suspended  solids  in  seawater.  In  1984  anti¬ 
turbidity  curtains  were  used  at  a  sand  compaction  work 
area  in  Yokohama  Harbor,  and  the  behavior  of  suspended 
solids  around  the  curtains  was  observed.  This  paper 
reports  the  data  measured  at  that  time. 


CURTAIN  APPARATUS 

There  are  two  kinds  of  anti-turbidity  curtains,  continuous  and  jointed. 
The  continuous  type  requires  a  large  space  for  assembly  on  land  and  much  work 
to  place  it  at  sea  (Figures  1  and  2). 

Compared  with  the  continuous  type,  the  jointed  type  requires  a  minimum  of 
space  for  assembling  and  erecting  (Figure  3). 


Figure  1.  Assembling  onshore 
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The  land  to  be  reclaimed  has  an  area  of  76  ha  and  after  completion  will 
be  utilized  for  port  facilities,  international  cultural  exchange  facilities, 
park  and  green  spaces,  etc.  Figure  8  shows  an  anticipated  view  of  the  new 
port  area  when  completed.  The  sand  compaction  piling  is  used  to  stabilize  the 
bottom  sediment  at  the  reclamation  area. 


MEASURING  SITES 


The  suspended  solids  (SS)  concentrations  near  the  anti-turbidity  curtains 
were  measured  at  two  different  locations  on  February  3  and  May  21,  1984.  The 
measuring  sites  are  shown  in  Figures  9  and  10. 


Figure  11  shows  the  work  area  surrounded  by  curtains. 


Flow  velocities  and  directions  as  well  as  SS  concentrations  were  measured 
From  these  it  was  found  that  a  reflection  wave  occurred  (Figures  12  and  13). 


It  is  natural  that  there  is  no  pulsating  wave  at  the  lower  layer  under¬ 
neath  the  curtains  and  outside  them.  The  tide  velocities  were  about 
10  cm/sec.  The  Froude  number  of  the  pulsating  wave  was  F  =  0.0056  . 
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Figure  6.  Reclamation  project  "Harbour  Future  21" 


Figure  7.  Work  site 


Figure  11.  Work  area  surrounded  by  curtains 


Figure  13.  Pulsating  wave  reflected  by  curtains 
RESUSPENSION  COLUMN 


At  the  sand  compaction  point  some  amount  of  sediment  particles  are 
suspended  upwards  by  the  turbulence  (Figure  14) .  In  this  case  movement  of 


Figure  14.  Turbulence 

resuspension 


the  resuspended  particles  is  represented  as  follows  (tide  velocity  neglected): 


Kz 


-  Ws  =  0 

dZ 


(1) 


where 

Kz  =  diffusion  coefficient  in  the  vertical  direction 
c  =  concentration  of  resuspended  solids 
Ws  =  mean  settling  velocity  of  resuspended  solids 
The  solution  of  Equation  I  is  obtained  as  follows: 


C 


+  B 


(2) 


One  of  the  boundary  conditions  is  Z  =  0  ;  C  =  Co  . 


B 


Then  we  have 


The  other  condition  on  the  sea  surface  is 

Z  =  0;  -WsC  +  Kz  =  0 


Then 


A  = 
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Finally,  we  have 


C  =  Co  e 


Equation  3  indicates  the  resuspension  column  has  a  vertical  distribution 
with  an  exponential  form. 

Figure  15  shows  two  vertical  distributions  of  the  resuspension  column 
obtained  on  February  3  and  May  21,  1984.  The  SS  concentrations  at  the  turbu¬ 
lence  points  were  900  mg /  2,  and  1,100  mg /£,  and  the  ones  at  the  sea  surface 
(H  =  0.5  m) ,  26  mg/£  and  140  mg /£,  respectively.  Both  vertical  curves  clearly 
have  exponential  form. 
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Figure  15.  Resuspension  column.  May  21  and  February  3 

When  we  plot  the  data  of  May  21  on  half-exponentially  graduated  paper,  we 
have  a  curve  consisting  of  two  straight  lines  as  Figure  16  shows.  For  the 
upper  and  lower  halves  we  have 


=  0.  1418  1/m 


=  0.3818  1/m 


.\*V' 


Then  assuming  Kz  =  2  cm2/sec,  we  have 


Ws  =  2  x  0.1418  x  10"2  =  0.002836  cm/sec 
1 


Ws  =  2  x  0.3918  x  10'2  =  0.007824  cm/sec 

2 


Using  Stoke's  equation 


d2  -  18uWs 

g(Ps  -  Pw) 


We  can  obtain  the  mean  diameters  of  the  resuspended  particles: 


d2 

1 


18  x  o.Ol  x  0.002836 
980  (2.6  -  1.03) 


=  3.256  x  io"7 


cm 


2 


d  =  0.57  x  io'3  cm  =  5.7  M 
1 


d2 

2 


18  x  O.Ol  x  0.007824 
980  (2.6  -  1.03) 


8.982  x  io*7  cm2 


d  =  9.48  x  10"3  cm  4=  9.5  M 
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Figure  16.  Resuspension  column 
February  3 
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From  the  data  of  May  21,  we  get  2  particle  diameters  dj  =  6.54  p  and 
d2  =  8.02  p  by  the  same  way.  From  these  data,  it  is  found  that  the  resuspen¬ 
sion  column  consists  of  two  particle  groups  having  a  mean  diameter  of 
5.7  -  6.5  P  at  the  upper  layers  and  8  -  9.5  p  at  the  lower  layers. 


SS  Concentrations 


Figure  17.  Resuspension  column.  May  21 
SEDIMENTATION  PROMOTED  BY  CURTAINS 
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Inside  the  curtains,  where  the  horizontal  tide  flow  collides  with  the 
curtains,  a  stagnation  flow  is  generated.  Suffering  this  potential  flow,  the 
seawater  flows  downwards  and  underneath  the  curtains.  Meanwhile,  the  sus¬ 
pended  solids  contained  in  the  seawater  settle  rapidly.  The  change  in  SS 
concentrations  influenced  by  the  curtains  is  represented  as  follows: 


77  +  Ux  +  (Uz  +  Ws)  -gf  =  Kx 


where 


c  =  concentration  of  suspended  solids 

Ux  =  horizontal  flow  velocity  component  of  tide 

Uz  =  vertical  flow  velocity  component  of  tide 

Ws  =  mean  settling  velocity  of  SS  particles 

Kx  =  diffusion  coefficient  in  the  horizontal  direction 

Kz  =  diffusion  coefficient  in  the  vertical  direction 

The  turbidity  soil  particle  with  a  10-p  diameter  has  the  following  settling 
velocity: 


Ws 


PS  -  Pw 
18  u 


gd2 


2.65  -  1.03 
18  x  0.01 


x  980  x  (0.001)2 


=  0.009  cm/s ec 


With  a  tide  of  10  cm/sec,  the  downward  flow  velocity  component  can  be 
taken  as  follows,  when  the  inclined  flow  inside  the  curtains  has  an  average 
of  5°. 


Uz  =  10  sin  5°  =  10  x  0.087  =  0.87  cm/sec 


Then  we  have 


Uz  +  Ws  =  0.87  +  0.009  =  0.879  cm/sec 


Therefore  we  obtain  the  following  magnification 


vertical  vel.  component  with  curtains 
vertical  vel.  component  without  curtains 


Uz  +  Ws  _  0.879  p 
Ws  0.009 


This  means  that  the  curtains  increase  the  settling  velocity  of  the 
turbidity  soil  particles  by  about  100  times.  In  other  words,  the  function  of 
the  curtains  can  be  regarded  as  increasing  the  particle  size  of  the  turbidity 


soil  particles  by  *100  =  10  times,  compared  with  the  soil  particles  without 
curtains.  In  such  a  way  the  curtains  play  an  excellent  role  in  promoting  the 
sedimentation  of  suspended  solids.  Figure  18  shows  the  change  of  SS  concen¬ 
trations  inside  the  curtains. 


Feb.  3,  1984  Curtain  background  | _ | 


Figure  18.  Change  in  SS  concentrations  inside  curtains,  February  3,  1984 

The  SS  concentrations  of  the  upper  layers  decrease  from  140  mg /  £  (at  the 
turbulence  point)  to  26  mg/i.  (at  the  curtains).  The  concentrations  of  the 
bottom  layers  change  from  1,100  mg/Jl  to  29  mg/i. 

Figure  19  shows  the  data  on  May  21,  1984.  The  SS  concentrations  change 
more  gently  than  on  February  3.  This  may  be  due  to  the  differences  in  parti¬ 
cle  size  and  tide  velocity. 
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Figure  19.  Change  in  SS  concentrations  inside  curtains.  May  21,  1984. 
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CHANGE  IN  SS  CONCENTRATIONS  OUTSIDE  CURTAINS 


The  tide  flows  are  changed  by  the  curtains  but  return  to  normal  after 
passing  through  the  bottom  openings. 


The  minimum  concentration  of  about  4  mg/ l  is  obtained  at  about  20  m  from 
the  curtains. 


t 


Minimum  Cone.  Point 

At  the  passage  directly  underneath  the  curtains  the  flow  velocity  in¬ 
creases  to  two  or  three  times  faster  then  the  initial  flow  and  has  a  generally 
downward  direction.  Therefore  at  this  point  the  separation  of  water  and 
solids  is  also  performed.  After  the  point  of  minimum  concentration,  the  flow 
turns  upward.  At  that  time,  the  solid  particles  are  resuspended  by  the  jet 
flow  and  the  upward  flow.  Figure  21  shows  this  phenomenon  clearly.  The  re¬ 
suspension  results  in  increased  SS  concentrations  at  a  point  100  m  from  the 
curtains,  indicating  16  mg /£.  However  the  resuspended  solids  quickly  return 
to  background  values  of  SS  concentrations  in  the  open  sea. 

CONCLUSIONS 

This  paper  has  studied  the  behavior  of  SS  concentrations  around  anti¬ 
turbidity  curtains.  We  learned  that  sedimentation  is  substantially  promoted 
by  the  curtains.  Anti-turbidity  curtains  should  be  applied  often  for  various 
purposes  of  water  clarification  along  with  sedimentation.  For  example,  they 
can  be  applied  for  water  treatment  at  settling  ponds  and  spillways. 


